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PART I 
PROPAGATION  RELIABILITY  STUDY 
CHAPTER I 
INTRODUCTION 
The o r i g i n  o f  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  of the  a tmosphere  upon 
the  p ropaga t ion  o f  e l ec t romagne t i c  ene rgy  w a s  probably a l e t te r  wr i t ten  
by Lee  D e  F o r e s t '   t o  G. W. P i e r c e  i n  1912.  This l e t t e r  d iscussed  some 
ve ry  unusua l  s igna l s  r ece ived  i n  an  experiment  by  Pierce.  L e e  D e  Fo res t  
s t a t ed  h i s  be l i e f  t ha t  changes  in  the  a tmosphe re  had  been  r e spons ib l e .  
T h i s  i n t e r e s t  i n  a t m o s p h e r i c  e f f e c t s  on  propagat ion  increased  
du r ing  the  1940 ' s  when t h e  u s e  of UHF f requencies  gave  reason  for l earn-  
ing  more  about  these  phenomena. 
With the  adven t  o f  r ada r ,  ope ra to r s  became  aware of d e t e c t i n g  
t a r g e t s  w e l l  be low  the   r ad io   ho r i zon   ( s ee   F igu re   1 ) .   Cur ren t ly   accep ted  
theo ry  enab led  them to  exp la in  th i s  by a mechanism c a l l e d  " s u r f a c e  trap- 
p ing"   o r   "duc t ing" .   This   e f fec t   occurs  when t h e   r e f r a c t i v e   i n d e x   o f   t h e  
a tmosphere  decreases  sharp ly  wi th  increas ing  a l t i tude  a t  a height  no% 
f a r  a b o v e  t h e  e a r t h ' s  s u r f a c e .  Such a reg ion  i s  c a l l e d  a supers tandard  
l a y e r  s i n c e  t h e  r e c e p t i o n  o f  s i g n a l s  z t  a d i s t a n t  s t a t i o n  i s  usua l ly  
s u p e r i o r  f o r  t h e s e  c o n d i t i o n s  as compared t o  t h a t  f o r  c o n d i t i o n s  u s u a l l y  
encountered.  Another phenomenon of ten   encountered  i s  t h e  loss o f  s i g n a l  
i n  a reg ion  w e l l  above  the  r ad io  ho r i zon  on ly  to  have  i t  appear  again 
beyond the   r ad io   ho r i zon .   Aga in   cu r ren t ly   accep ted   t heo ry   p rov ided   an  
explanation based on changes i n  t h e  a t m o s p h e r e .  
From t h e s e  e x p e r i e n c e s  i n v e s t i g a t o r s  saw the  impor tance  of  s tudy-  
ing the atmosphere and i t s  r e l a t i o n s h i p  t o  t h e  i n d e x  o f  r e f r a c t i o n  i n  
an e f f o r t  t o  u n d e r s t a n d  t h e s e  phenomena. 
"" 
'Numer ica l  supe r sc r ip t s  r e fe r  t o  Refe rences .  
N 
The r a d i o  h o r i z o n  i s  a term u s e d  t o  d e f i n e  t h e  b o r d e r l i n e  b e t w e e n  
r a d i o   o p t i c a l   a n d   n o n - o p t i c a l   p a t h s .   I n   t h e   f i g u r e ,   r e c e i v e r  A 
i s  l o c a t e d  a b o v e  t h e  r a d i o  h o r i z o n ,  r e c e i v e r  B i s  a t  t h e  r a d i o  
h o r i z o n ,  a n d  r e c e i v e r  C i s  be low the  r ad io  ho r i zon .  
F igu re  1. Radio  Horizon. 
One of  the  main  interests  of  communication  system  designers i s  
t h e  s y s t e m  r e l i a b i l i t y .  System r e l i a b i l i t y  is  def ined  as t h e  r a t i o  o f  
t h e  time the communication system output is u s e a b l e  t o  t h e  t o t a l  t i m e  
that the system is  ope ra t ed ,  expres sed  in  pe rcen t .  
System r e l i a b i l i t y  may be expressed as (Equipment R e l i a b i l i t y )  
times ( P r o p a g a t i o n  R e l i a b i l i t y )  ; as a r e s u l t ,  t h e  r e l i a b i l i t y  of a 
communication system can n e v e r  b e  g r e a t e r  t h a n  t h e  p r o p a g a t i o n  reli-  
a b i l i t y .  P r o p a g a t i o n  r e l i a b i l i t y  is de f ined  as t h e   r a t i o   ( e x p r e s s e d   i n  
pe rcen t )  of t h e  t i m e  t h e  r e c e i v e d  s i g n a l  is d e t e c t a b l e  t o  t h e  t o t a l  t i m e  
t h e  s i g n a l  i s  t r a n s m i t t e d .   P r o p a g a t i o n   r e l i a b i l i t y  is  r e l a t e d  t o  f a d e  
margin,  which i s  def ined  as t h e  r a t i o  ( e x p r e s s e d  i n  d e c i b e l s )  of t h e  
median received s ignal  power t o  t h e  minimum d e t e c t a b l e  s i g n a l  power 
( see  F igure  2 ) .  
Gene ra l ly  the  equ ipmen t  r e l i ab i l i t y  i s  known,  and i s  g r e a t e r  t h a n  
t h e  minimum requ i r ed .   Unfo r tuna te ly ,   p ropaga t ion   r e l i ab i l i t y ,   wh ich  is 
f r equen t ly  less than  equ ipmen t  r e l i ab i l i t y ,  is  of ten   ignored .  
Usua l ly  the re  i s  n o t  enough information about  the propagat ion 
c h a r a c t e r i s t i c s  o f  t h e  l o c a l  g e o g r a p h i c a l  r e g i o n  t o  a l l o w  a n  a c c u r a t e  
e s t ima te  of t he   p ropaga t ion   r e l i ab i l i t y .   Expe r i ence   has   p roven   t ha t   t he  
p r o p a g a t i o n  c h a r a c t e r i s t i c s  of one geographical area are,  i n  g e n e r a l ,  
n o t  n e c e s s a r i l y  t h e  same as t h o s e  f o r  o t h e r  areas. 
P resen t  t heo ry  o f  t he  r e l a t ionsh ip  be tween  the  p ropaga t ion  o f  
microwave s i g n a l s  and the  p rope r t i e s  o f  t he  a tmosphe re  states t h a t  
s igna l  f ades  r e su l t i ng  in  lo s s  o f  communica t ion  are of ten  caused  by 
random v a r i a t i o n s  i n  t h e  a t m o s p h e r e  o v e r  t h e  p a t h  b e t w e e n  two s t a t i o n s .  
I n  t h e  p a s t ,  r e s e a r c h  h a s  b e e n  c o n d u c t e d  i n  a n  a t t e m p t  t o  re la te  
meteoro logica l  condi t ions  a long  a p a t h  t o  t h e  f a d i n g  c h a r a c t e r i s t i c s  o f  
3 
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P e r c e n t  T ime  S i g n a l  Was Below Ordinate  Value 
F i g u r e  2 .  A Typical  Fade  Margin  Curve. 
r 
t ha t  pa th .  The re  appea r s  t o  exist  a d i r e c t  r e l a t i o n s h i p  b e t w e e n  t h e  t w o ,  
bu t  i t  is  apparently  complicated  and  involved. A s  a r e s u l t ,  t h e  u s e  of 
meteorological  data  by the microwave system designer  is  v e r y  d i f f i c u l t .  
I n  o r d e r  t o  p r o p e r l y  d e s i g n  a n  o p t i c a l  microwave l i n k  u s i n g  
meteoro logica l  da ta ,  the  des igner  would  have  to  accumula te  statist ical  
records  of t h e  m e t e o r o l o g i c a l  d a t a  o v e r  t h e  i n t e n d e d  p a t h .  From t h e s e  
data,  which would most probably be temperature,  dew po in t ,  humid i ty ,  
and  wind  condi t ions ,  he  must  der ive  the  s ta t i s t ica l  d i s t r i b u t i o n s  of t h e  
i n d e x  o f  r e f r a c t i o n .  U s i n g  t h i s  d i s t r i b u t i o n  f o r  t h e  i n d e x  o f  r e f r a c t i o n  
h e  would then der ive the expec ted  fad ing  charac te r i s t ics  and  subsequent ly  
make a p lo t  of  fade  margin  as a func t ion  of  e i t h e r  t h e  p r o p a g a t i o n  o u t a g e  
t i m e ,  o r   t h e   p r o p a g a t i o n   r e l i a b i l i t y .   ( P r o p a g a t i o n   o u t a g e  t i m e  i n  
percent   equals   100% - p r o p a g a t i o n   r e l i a b i l i t y . )  It i s  assumed t h a t  f o r  
a w e l l  de s igned  l i ne -o f - s igh t  pa th  the  ca l cu la t ed  f r ee  space s i g n a l  l e v e l  
i s  approximate ly   equal   to   the   median   rece ived   s igna l   l eve l .   Prev ious  
long term expe r imen ta l  r e su l t s  have  shown t h i s  t o  b e  a reasonable  
assumption. 2 
Due to  the  complexi ty  of  the  above  procedure ,  meteoro logica l  da ta  
have  not  been  used by  microwave s y s t e m  des igne r s .  In s t ead ,  t he  approach  
h a s  b e e n  t o  u s e  t h e  r e s u l t s  f r o m  l i m i t e d  p r o p a g a t i o n  e x p e r i n e n t s  as t h e  
b a s i s  f o r  new system  designs.   This   procedure  has  two  main  disadvantages. 
F i r s t ,  t h e  r e s u l t s  o b t a i n e d  from one geographical  locat ion are no t  
n e c e s s a r i l y  v a l i d  f o r  a n o t h e r  l o c a t i o n  and  second,  the  resu l t s  of  most  
of  the previous work are n o t  r e a d i l y  a p p l i c a b l e  t o  t h e  d e s i g n  o f  new 
microwave  systems.   Consequent ly ,   there   does  not   exis t  a good  method f o r  
de t e rmin ing  the  f ade  marg in  r equ i r ed  fo r  a given path,  even though this  
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is  one of  the main quest ions the 'microwave system designer  must  answer.  
It is  h i g h l y  d e s i r a b l e  t h a t  a good method be  ava i lab le  to  answer  tha t  
q u e s t i o n  s i n c e  t h e  demand €or reliable microwave communication is 
s t e a d i l y  i n c r e a s i n g .  
S i n c e  p r o p a g a t i o n  r e l i a b i l i t y  is a func t ion  of  the  a tmospher ic  
condi t ions  ex is t ing  be tween two s t a t i o n s ,  i t  a p p e a r s  p o s s i b l e  t o  
u t i l i z e  s t a t i s t i ca l  s i g n a l  l e v e l  d i s t r i b u t i o n s  t o  d e r i v e  a n  e m p i r i c a l  
r e l a t ionsh ip  be tween  p ropaga t ion  r e l i ab i l i t y ,  f ade  marg in ,  pa th  l eng th ,  
and geographical  locat ion.  
The p r i n c i p l e  o b j e c t i v e  o f  t h i s  r e s e a r c h  h a s  b e e n  t h e  d e v e l o p m e n t  
of a procedure that  would al low a microwave  sys tem des igner  to  ca lcu la te  
t he  f ade  marg in  r equ i r ed  fo r  a p a r t i c u l a r  p a t h  a n d  a g i v e n  r e l i a b i l i t y  
f o r  o p e r a t i n g  f r e q u e n c i e s  i n  t h e  2 GHz r eg ion .  
Secondary  objec t ives  were t h e  s t u d y  of c r o s s c o r r e l a t i o n s  of micro- 
wave s igna l  f ad ing  ove r  s e l ec t ed  pa ths  and  the  s tudy  o f  t he  f ad ing  
obta ined  over  a "h igh  e leva t ion  angle"  pa th .  
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CHAE'TER I1 
2 GHz MICROWAVE PROPAGATION WITHIN 
THE RADIO HORIZON 
Radio Waves 
" 
Radio waves p r o p a g a t e  f r o m  o n e  p o i n t  t o  a n o t h e r  i n  t h r e e  b a s i c  
ways: sky waves, t r o p o s p h e r i c  waves, and  ground waves. 
The sky wave is t h a t  p o r t i o n  o f  t h e  e n e r g y  t h a t  r e a c h e s  t h e  
r ece iv ing  an tenna  by re f lec t ing  f rom the  ionosphere ,  which  begins  about  
80 km a b o v e  t h e  e a r t h ' s  s u r f a c e .  A t  f requencies   below  about  100 MHz 
the  change  in  e l ec t ron  and  ion  dens i ty  wi th in  the  d i s t ance  o f  a wave- 
l e n g t h  is so  g r e a t  t h a t  t h e  i o n o s p h e r i c  l a y e r  a p p e a r s  as an abrupt 
d i s c o n t i n u i t y  a n d  t h e  wave is  r e f l e c t e d  as i n  t h e  c a s e  o f  t h e  r e f l e c t i o n  
of waves a t  t h e  s u r f a c e  o f  a d i e l e c t r i c .  However , for  f requencies  above  
100 MHz the wavelengths are s o  s h o r t  t h a t  t h e  i o n i z a t i o n  d e n s i t y  c h a n g e s  
o n l y  s l i g h t l y  i n  a wavelength.   Under  such  conditions  the  radio  waves 
pene t r a t e   t he   i onosphe re   r a the r   t han   be ing   r e f l ec t ed   ea r thward .  A s  a 
r e s u l t ,  a t  2 GHz t he  sky  wave mode of  propagat ion  does  not  ex is t .  
The t r o p o s p h e r i c  waves are waves t h a t  are r e f l e c t e d  a t  a b r u p t  
changes i n  t h e  e f f e c t i v e  p e r m i t t i v i t y  o f  t h e  t r o p o s p h e r e ,  w h i c h  is  t h a t  
r eg ion  o f  t he  a tmosphe re  f rom the  su r face  to  a he ight  of  approximate ly  
10 km. 
The ground wave is composed of a space wave and a s u r f a c e  wave. 
The s u r f a c e  wave is a wave t h a t  is gu ided  a long  the  ea r th ' s  su r f ace .  
Energy is absorbed from the surface wave t o  s u p p l y  e n e r g y  l o s s e s  t o  
the  ground.   This  loss f a c t o r  i s  dependent   upon  the  f requency  and  the 
phys ica l  g round cons tan ts .  For  f requencies  of  2 GHz t h e  s u r f a c e  wave 
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a t t e n u a t i o n  is verh  h igh  thus  making  the  sur face  wave u n s u i t a b l e  f o r  
communication at 2 GHz.. 
The space waves are thus  the  ma jo r  means of l i n e - o f - s i g h t  r a d i o  
wave propagat ion a t  2 GHz. Space waves c o n s i s t  of two types  of com- 
ponents--direct  waves and  ground-ref lected  waves  (see  Figure 3 ) .  The 
d i r e c t  wave t r a v e l s  d i r e c t l y  from t h e  t r a n s m i t t e r  t o  t h e  r e c e i v e r .  The 
ground-reflected waves are waves which have been ref lected from the 
snface  of  the  ear th  and  have  thus  been  red i rec ted  toward  the  rece iver .  
Line-of-sight Propagation 
The e lec t r ic  f i e l d  i n t e n s i t y  a t  a rece iv ing  an tenna  is e q u a l  t o  t h e  
v e c t o r  sum of  the waves a r r iv ing  f rom a l l  p a t h s .  I f  t h e  t r a n s m i t t e r  a n d  
r e c e i v e r  are l o c a t e d  f a r  a p a r t  compared to  the  an tenna  he igh t s ,  t he  g raz -  
ing   angle   o f   the   g round-ref lec ted  wave is smal l .  The r e f l e c t i o n  c o e f f i c -  
i e n t  f o r  t h e  e a r t h ’ s  s u r f a c e  f o r  g r a z i n g  a n g l e s  less than one degree is  
approximately uni ty  with a p h a s e  s h i f t  of approximately 180 degrees .  
The magnitude of the e lectr ic  f i e l d  i n t e n s i t y ,  E, , r e su l t i ng  f rom 
t h e  d i r e c t  wave and the ground-ref lected wave would thus be (see Figure 3) 
I E, I = I Eo -k kEoe j@ I 2-1 
where Eo = amplitude of t h e   l e c t r i c   f i e l d   i n t e n s i t y   i n   t h e  
d i r e c t  wave 
k = r e f l e c t i o n   c o e f f i c i e n t   o f   t h e   e a r t h  
0 = p h a s e   s h i f t  of the   g round-ref lec ted  wave w i t h  
r e s p e c t  t o  t h e  d i rec t  wave because of t h e  a d d i t i o n a l  
d i s t a n c e  t r a v e l e d  by the  ground-ref lec ted  wave. 
b u t  2-2 
and r: = d2 + (ht - hr)  2 2-3 
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T 
T 
R 
hr 
F i g u r e  3. Space Wave Components 
and 
where ht is  the  he ight  of  the  t ransmi t t ing  an tenna  above  the  sur face  
and hr is  the  he ight  of  the  rece iv ing  an tenna  above  the  sur face .  
'2 = d2 + (h t+hr)2   s ince  cq = a2 2-4 
by the   b inomia l   expans ion .  Hence 
I f  
ht hr 4a ht  hr r2-r = 1 d 
and 0 = 
Ad 
2-6 
2- 7 
/ E r  I = 2E0 Is in  @/2  I = I IT h t h r  
2Eo lsin 2-9 
Thus, f o r  a per fec t ly-conduct ing  ear th ,  o r  f o r  t h e  small g raz ing  
ang le s  o f t en  encoun te red  in  typ ica l  mic rowave  sys t ems ,  t he  f i e ld  s t r eng th  
a t  a r e c e i v i n g  p o i n t  v a r i e s  w i t h  h r  i n  a s i n u s o i d a l  f a s h i o n .  T h i s  i n t e r -  
f e rence  be tween  the  d i r ec t  wave and r e f l e c t e d  waves r e s u l t  i n  maxima 
and  minima pa t te rns  ca l led  "Fresne l  pa t te rns ' '  similar t o  t h o s e  shown i n  
Figure 4. The f i r s t  maximum occurs when t h e  d i f f e r e n c e  i n  p a t h  l e n g t h ,  
r2 - r l ,  i s  equal  to  one-half  wave-length,  remembering that  a .  180 degree 
phase reversal occurs at t h e   p o i n t   o f   r e f l e c t i o n .  The v e r t i c a l  h e i g h t  
b e t w e e n  t h e  f i r s t  m a x i m a  and t h e  f i r s t  minima f o r  a 2 GHz microwave 
system with a pa th  l eng th  of 30 miles and a t r ansmi t t i ng  an tenna  he igh t  
of   100   fee t  is 200 f e e t .  Thus i f  t h e  p a t h  i s  designed so t h a t  t h e  
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Received Field Strength 
Figure 4. Fresnel Patterns 
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free s p a c e  F r e s n e l  clearance f o r  t h e  f irst  m a x i m u m  i s - s a t i s f i e d ,  t h e r e  
is l i t t l e  dange r  o f  l oca t ing  the  r ece iv ing  an tenna  i n  t h e   f i r s t  minima. 
G e n e r a l l y  t h e  free s p a c e  F r e s n e l  clearance r e q u i r e d  f o r  a microwave 
r e l ay  sys t em is  the  c learance  which  a t  a n y  p o i n t  i n  t h e  p a t h  r e s u l t s  i n  
a d i r e c t  a n d  r e f l e c t e d  p a t h  d i f f e r e n c e  o f  a t  least  116 of a w a ~ e l e n g t h , ~  
T h i s  r e s u l t s  i n  a r e c e i v e d  s t r e n g t h  o f  Eo s i n c e  s i n  @ I 2  i s  .5  f o r  r2-rl 
e q u a l  t o  1 1 6  o f  a wave l eng th .  
A nomogram method fo r  de t e rmin ing  f r ee - space  pa th  c l ea rance  r equ i r ed  
f o r  a microwave relay system has been d e ~ e l o p e d . ~  Using t h i s  method it  
becomes a s imple  matter t o  d e t e r m i n e  t h e  n e c e s s a r y  t o w e r  h e i g h t s  f o r  a 
p a r t i c u l a r  p a t h  w i t h  a known p a t h  p r o f i l e .  
Effects  of  the Atmosphere 
The inf luence  of  the  a tmosphere  on  the  rad io  wave i s  s i g n i f i c a n t .  
This  is v i v i d l y  i l l - u s t r a t e d  by t h e  r e s u l t s  o f  many experiments  with radar .  
The presence  of  molecules of water vapor  and other  gases  of  which the 
atmosphere is composed cause  the  a i r  i n  t h e  t r o p o s p h e r e  t o  h a v e  a r e l a t i v e  
p e r m i t t i v i t y  g r e a t e r  t h a n  u n i t y ;  b u t  s i n c e  t h e  d e n s i t y  o f  a i r  varies wi th  
h e i g h t ,  t h e  d e n s i t y  o f  t h e s e  m o l e c u l e s  d e c r e a s e s ,  r e s u l t i n g  i n  a decrease  
of t h e  p e r m i t t i v i t y  of a i r  wi th  he igh t .  
A standard atmosphere i s  def ined  as one i n  which the index of 
r e f r a c t i o n  d e c r e a s e s  l i n e a r l y  w i t h  a l t i t u d e  a t  t h e  rate of 11.8 p a r t s  p e r  
m i l l i o n  p e r  1 0 0 0  f e e t ,  t h e  i n d e x  of r e f r a c t i o n  b e i n g  t h e  s q u a r e  r o o t  o f  
t h e  d i e l e c t r i c  c o n s t a n t  o f  a i r  ( t h i s  is  assuming the relative pe rmeab i l i t y  
of a i r  i s  u n i t y ) .  
S ince  the  index  o f  r e f r ac t ion  o f  a standard atmosphere normally 
dec reases  l i nea r ly  wi th  he igh t ,  t he  uppe r  po r t ions  o f  a wave f r o n t  
travel w i t h  s l i g h t l y  g r e a t e r  v e l o c i t y  t h a n  t h e  l o w e r  p o r t i o n s  o f  t h e  
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wave. This  causes  the  pa th  of  the  wave t o  be  cu rved  s l igh t ly  down- 
ward .   Th i s   cu rva tu re   o f   t he   r ay   pa th   causes   t he   ea r th ' s   r ad ic   ho r i zon  
t o  d i f f e r  from t h e  o p t i c a l  h o r i z o n .  When drawing  the  path of a wave 
f r o m  t h e  t r a n s m i t t e r  t o  t h e  receiver fo r  s t anda rd  a tmosphe re  cond i t ions ,  
one must draw a l i n e  c u r v e d  s l i g h t l y  downward r a t h e r  t h a n  a s t r a i g h t  
line.  .This  becomes a ted ious  requi rement  when s tudy ing  many d i f f e r e n t  
p a t h s .  I f  i n s t e a d  t h e  e a r t h ' s  r a d i u s  were enlarged by t h e  c o r r e c t  
amount ,  then the path of  a wave f o r  a s tandard atmosphere could be 
drawn a s  a s t r a i g h t  l i n e .  For  a s tandard  a tmosphere  the  modif ied 
e a r t h ' s  r a d i u s  i s  4 / 3  the   normal   ear th ' s   rad ius .   For   th i s   reason   mos t  
path prof i les  of  microwave s y s t e m s  a r e  drawn Gn p r o f i l e  p a p e r  w i t h  4 / 3  
e a r t h ' s  r a d i u s .  
Unusual conditions of humidity and tempera ture  of ten  cause  a  non- 
s tandard atmosphere;  i. e.  , one i n  which  the  index  of  re f rac t ion  decreases  
more than  usua l ,  i s  c o n s t a n t  w i t h ,  o r  i n c r e a s e s  w i t h  h e i g h t .  A change in 
t h e  r e f r a c t i v e  i n d e x  w i t h  h e i g h t  c a u s e s  a r a d i o  wave t r a v e l i n g  i n  t h e  
atmosphere t o  f o l l o w  a curved  pa th  ra ther  than  a s t r a i g h t  p a t h .  As a 
r e s u l t ,  r a d i o  waves which normally would be received may b e  d i r e c t e d  away 
from the receiver and, conversely,  waves which are  not  nosmally rec .eived 
may b e  d i r e c t e d  towards  the  r ece ive r .  E i the r  - cond i t ion  causes  a change 
i n  t h e  r e c e i v e d  s i g n a l  s t r e n g t h .  D e c r e a s e s  i n  r e c e i v e d  s i g n a l  s t r e n g t h  
are termed fades.  
Various changes of the  tempera ture  and humidi ty  which afEect  the 
pa th  o f  t he  r ad io  wave a re  somet imes  pecu l i a r  t o  ce r t a in  geograph ica l  
l o c a t i o n s .  Thus t h e  f a d i n g  c h a r a c t e r i s t i c s  o f  a pa th  w i l l  i n  g e n e r a l  b e  
a func t ion  o f  i ts  geograph ica l  l oca t ion .  How then i s  a system  designed 
so  a s  t o  c o n s i d e r  t h e  a t m o s p h e r i c  e f f e c t s ?  
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One approach is t o  c a l c u l a t e  t h e  received f i e l d  s t r e n g t h  f o r  f r e e  
space propagation and ther-, make a l l o w a n c e  f o r  t h e  e f f e c t s  of t h e  atmos- 
phere.   This is dorle by des igning  the  sys tem such  tha t  the  median  
r e c e i v e d  s i g n a l  s t r e n g t h  is  i n  e x c e s s  o f  t h e  minimum d e t e c t a b l e  s i g n a l  
s t r eng th .   Th i s   excess   s igna l   a l l owance  i s  de f ined  as the   f ade   marg in  
of t h e  cornmupication  system. 
The ques t ion  t o  be answered  then is: What is  the  f ade  marg in  
requrired t o  achieve a d e s i r z d  p r o p a g a t i o n  r e l i a b i l i t y  f o r  a p a r t i c u l a r  
pa th  length and geographica l  loca t ion?  
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CHAPTER I11 
DETERMINATION OF THE REQUIRED FADE MARGIN 
A s impl i f ied  procedure  for  de te rmining  the .  fade  margin  requi red  for  
a l ine-of-s ight  microwave path has  been developed as a r e s u l t  o f  t h i s  
r e sea rch .  
This  procedure  does  not  requi re  many l eng thy  ca l cu la t ions  to  be  pe r -  
formed, as i s  t h e  case when us ing  me teo ro log ica l  da t a ,  t hus  e l imina t ing  
many sources  of  possible  error  and  t ime-consuming  work.  This  procedure 
w a s  developed by using the fol lowing approach.  
Consider a t y p i c a l  microwave l i n k  t h a t  h a s  i ts  t e rmina l s  l oca t ed  
such   t ha t   t he   p ropaga t ion   pa th  is l ine-of -s ight .   S ince   the   fad ing   charac-  
teristics o f  t h e  s i g n a l  a r e  a function of the atmosphere between the two 
t e r m i n a l s ,  a s e a s o n a l  v a r i a t i o n  i n  t h e  f a d i n g  a c t i v i t y ,  c o r r e s p o n d i n g  t o  
a s e a s o n a l  v a r i a t i o n  i n  t h e  a t m o s p h e r i c  p r o p e r t i e s  a l o n g  t h e  p a t h ,  is  
expected.   Since  there  i s  g e n e r a l l y  a y e a r l y  c y c l e  i n  t h e  w e a t h e r  a t  any 
l o c a t i o n  on e a r t h ,  a y e a r l y  c y c l e  i n  t h e  f a d i n g  a c t i v i t i e s  o f  a microwave 
s i g n a l  is also  expected.   Consequent ly  a tes t  microwave  system  could  be 
d e s i g n e d  w i t h  t h e  o b j e c t i v e  o f  i n v e s t i g a t i n g  t h e  f a d i n g  c h a r a c t e r i s t i c s  
o f  t he  pa th  r a the r  t han  inves t iga t ing  the  me teo ro log ica l  changes  o f  t he  
atmosphere along the path.  
A f t e r  s e l e c t i n g  a s u i t a b l e  s i te  and having determined the t ransmit-  
t i n g  and  rece iv ing  tower  he ights  and  loca t ' ion  such  tha t  proper  Fresne l  
zone clearance i s  a c h i e v e d  f o r  t h e  p a t h ,  o n e  c o u l d  t h e n  b e g i n  t o  
i n v e s t i g a t e  t h e  f a d i n g  c h a r a c t e r i s t i c s  o f  t h e  p a t h  c a u s e d  by changes i n  
the atmosphere.* The ob jec t ive  wou ld  be  to  de t e rmine  the  r e l a t ionsh ip  
*For a nomogram method  o f  ca l cu la t ing  pa th  c l ea rances  see Reference 4 .  
b e t w e e n  f a d i n g  c h a r a c t e r i s t i c s  a n d  t h e  p r o p a g a t i o n  r e l i a b i l i t y  of t h e  
pa th .  
I n s t e a d  of moni to r ing  the  me teo ro log ica l  changes ,  t he  r ece ived  
signal level  would be  mon i to red  wi th  a l eve l - sens ing  dev ice .  By us ing  
a t r a n s m i t t e r  w i t h  a known output power,  a receiver w i t h  a known minimum 
d e t e c t a b l e  s i g n a l  level f o r  free space propagat ion and antennas of  known 
ga in ,  t he  r ece ived  s igna l  and  thus  the  f a .de  marg in  cou ld  be  con t ro l l ed .  
T h e  au tomat i c  ga in  con t ro l  vo l t age  o f  t he  r ece ive r  wou ld  then  
i n d i c a t e  t h e  d u r a t i o n  and  amount o f  f ad ing  of t h e  s i g n a l .  By monitor ing 
t h e  AGC v o l t a g e  w i t h  t h e  p r o p e r  i n s t r u m e n t a t i o n ,  a s t a t i s t i c a l  s i g n a l  
l e v e l .  d i s t r T b u t i c n  c o u l d  b e  o b t a i n e d .  T h i s  d i s t r i b u t i o n  c o u l d  b e  i n  t h e  
form of c l o c k  r e a d i n g s  i n d i c a t i n g  t h e  t i m e  t h e  r e c e i v e d  s i g n a l  was below 
a c e r t a i n  l e v e l .  
By r eco rd ing  this i n f o m a t i o n  o v e r  a g iven  pe r iod  the  ou tage  time 
of t h e  r e c e i v e r  f o r  v a r i o u s  v a l u e s  o f  f a d e  m a r g i n  c o u l d  b e  d e t e r m i n e d .  
I f  t h e  d a t a  were r e c o r d e d  e v e r y  s i x  h o u r s  f o r  o n e  y e a r ,  t h i s  method 
would a h o  a l low de te rmina t ion  of t h e  s i x - h o u r  p e r i o d s  o f  t h e  d a y  i n  
which the maximuin f a d i n g  a c t i v i t y  t o o k  p l a c e  a n d  a l s o  the  seasons  o f  
the  year  Jur ing  which  the  ma.ximun: amount o f  f ad ing  ac t iv i ty  wou ld  be  
expcct.ed, 
From t h e  s t a t i s t l ca l  da ta  ob ta ined  f rom the  in s t rumen ta t ion ,  a 
graph  of  rece ived  s igna l  level v e r s u s  p r o p a g a t i o n  r e l i a b i l i t y  c o u l d  b e  
made. T h i s  p lo t   cou ld   t hen  be  used t o  d e s i g n  microwave  systems  with  the 
same p a t h  i e n . g t h  i n  t h i s  g e o g r a p h i c a l  area o r  g e c g r a p h i c a l  l o c a t i o n s  
nearby.  It would be exceedingly time consuming  and  expensive i f  i t  were 
necessary  t o  o b t a i n  s t a t i s t i c a l  d a t a  o f  t h i s  n a t u r e  f o r  e a c h  p a t h  u s e d  
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i n  a microwave  system.  However,  by  performing t h i s  t y p e  of s igna l  non i -  
t o r ing  ove r  a wide  geographica l  reg ion  over  pa ths  of  var ious  lengths ,  
a similar fade  graph  could  be  p lo t ted  for  each  pa th  moni tored .  It 
shou ld  then  be  poss ib l e  to determine  the  re la t ionship  be tween fade  
margin ,  p ropagat ion  re l i . ab i l i ty ,  geographica l  loca t ion  , and pa th  length  
f rom these  fade  margin  graphs .  This  re la t ionship  17ouhi b e  a set of 
equat ions which would al low calculat ion of the  requi red  fade .  margln  
versus  these  parameters  wi thout  requi r ing  any experimental measurements. 
Nine  l inks  of Texas Eastern Transmission Corpora.tion's ni.crowave 
system extending from Shreveport  , Loui s i ana ,  t o  Linden, New Je r sey ,  have  
been  ins t rumented  in  an a t t empt  to  de r ive  such  a rel .ationship between 
f ade  marg in ,  p ropaga t ion  r e l i ab i l i t y ,  geograph ica l  l oca t ion ,  and pa th  
l e n g t h  f o r  a 2 GHz s igna l  i n  the  Gu l f -Sou th  geograph ica l  r eg ion  o f  t he  
Uni ted   S ta tes .   S igna l   moni tor ing  of   each   of   the   n ine   l inks   ins t ru-  
mented has been performed and a plot  of  fade margin versus  propagat ; -on 
r e l i ab i l i t y  fo r  each  pa th  has  been  p lo t t ed .  Fo r  each  pa th  cu rve ,  an 
equat ion   has   been   der ived   descr ib ing   the   curve .   These   equat ions  are 
l oga r i thmic  in  fo rm.  A re la t ionship  has  been  der ived  which  will p r e d t c t  
t he   equa t ion   fo r   each   o f   t he   pa ths .   Th i s   r e l a t ionsh ip  i s  a Emct ion  of 
geograph ica l  l oca t ion  and  pa th  l eng th  a s  w e l l  as  the  propagat ion  re l i -  
a b i l i t y  d e s i r e d .  From t h i s  r e l a t i o n s h i p  i t  has   been   poss ib le  t o  write 
an  equat ion  for  fade  margin  as  a func t ion  of p r o p a g a t i o n  r e l i a b i l i . t y ,  
pa th   l ength ,   and   geographica l   loca t ion .   This   equa t ion   a l lows  a micro- 
wave sys t em des igne r  t o  ca l cu la t e  t he  f ade  marg in  r equ i r ed  to  ach ieve  a 
d e s i r e d  p r o p a g a t i o n  r e l i a b i l i t y  f o r  a pa th  ly ing  wi th in  the  geograph ica l  
bounds of Athens , L o u i s i a n a  ( l a t i t u d e  32"-40' , l o n g i t u d e  92 ' -37 ' ) ,  t o  
Garr i son ,  Kentucky ( la t i tude  38"-33' , l ong i tude  S3"-06 ' )  , wi th  l eng th  
1 7  
varying from 1 9  miles t o  44  miles, and f o r  p r o p a g a t i o n  r e l i a b i l i t y  
varying  from 90% t o  99.99%. It s h o u l d  b e  n o t e d  t h a t  t h e  d e s i g n e r  u s i n g  
t h e s e  e q u a t i o n s  is n o t  r e q u i r e d  t o  make any experimental measurements. 
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EXPERIMENTAL STUDY OF FADE MARGIN 
FOR VARIOUS MICROWAVE LINKS 
A l i t e r a t u r e  s u r v e y  was conducted t o  d e t e r m i n e  t h e  e x i s t i n g  s ta te  
of knowledge  o f  p ropaga t ion  r e l i zb i l i t y  fo r  inj.crowave s i g n a l s  i n  t h e  
frequency range of 1 GHz t h r o u g h  v i s i b l e  l i g h t .  A suuunary of t h e  
l i t e r a tu re  su rvey  has  been  pub l i shed  th rough  the .  Eng inee r ing  and  
I n d u s t r i a l  R e s e a r c h  S t a t i o n  a t  M i s s i s s i p p i  S ta te  Univers i ty .  
Several conclus ions  concern ing  n ic rowave  t ransmiss ion  occurred  
r epea ted ly  in t h e  l i t e r a t u r e  and are p e r t i n e n t  t o  t h i s  s t u d y .  T h e s e  
main points  are: 
1. 
2. 
3.  
4. 
F a d i n g  a c t i v i t y  i s  a t  a minimum dur ing  co ld  weather  
and a t  a maximum dur ing  hot  weather  and  dur ing  n ight  
h o u r s ;  t h a t  i s ,  f a d i n g  a c t i v i t y  is seasonal-. 
There does not seem t o  be a g r e a t  d e a l  of d i f f e r e n c e  
i n  t h e  f a d i n g  c h a r a c t e r i s t i c s  of  h o r i z o n t a l l y  and 
v e r t i c a l l y   p o l a r i z e d  w a m s .  
S i g n a l  f l u c t u a t i o n s  are assumed t o  b e  dlle to atmos- 
pher ic  changes  a long  the  propagat ion  pa th  under  
cons ide ra t ion .  
The c o r r e l a t i o n  o f  t h e  y e a r l y  s t a t i s t i c a . 1  f a d i n g  
averages between two pa ths  having  the  same l e n g t h  
a n d  l y i n g  w i t h i n  t h e  same geographica l  area is assumed 
t o   b e   q u i t e   h i g h .  
From t h e s e  c o n c l u s i o n s  i t  was appa ren t  t ha t  t he  de t e rmina t ion  o f  
fade  margin  requi red  as a f u n c t i o n  o f  p r o p a g a t i o n  r e l i a b i l i t y ,  g e o -  
graphica l  loca t ion ,  and  pa th  length  would  requi re  addi t iona l  s tudy  of  
a t  ieast two top ic s .   These   t op ic s  were: 
1. The e f f e c t s   o f   p a t h   l e n g t h   o n   p r o p a g a t i o n   r e l i a b i l i t y .  
2 .  The e f f e c t s   o f   g e o g r a p h i c a l   l o c a t i o n  on propagat ion  
r e l i a b i l i t y .  
Texas  Ees te rn  Transmiss ion  Corpora t ion  granted  the  use  of  the i r  
2 GHz microwave system for  the purpose of  s tudying these two t o p i c s .  
This  sys tem extends  f rom Shrevepor t ,  Louis iana ,  to  Linden ,  New J e r s e y ,  
thus  cover ing  a la rge  por t ion  of  - the  Gul f -South  geographica l  reg ion  of  
the   Uni ted  States. The system i s  composed of  f if ty-four  microwave 
p a t h s  v a r i n g  i n  l e n g t h  f r o m  3.50 miles t o  47.50  miles. 
Nine paths  of t h i s  microwave system were s e l e c t e d  t o  b e  i n s t r u -  
mented.   These  path  locat lons were s e l e c t e d  t o  s a t i s f y  two cond i t ions :  
1. D i f f e r e n t   p a t h   l e n g t h s   i n   t h e  same geographica l  area. 
2. S i m i l a r  p a t h   l e n g t h s   i n   d i f f e r e n t   g e o g r a p h i c a l  areas. 
T a b l e  I g ives  the  loca t ion  and  pa th  l eng th  o f  t he  n ine  in s t rumen ted  
paths .   These  paths  are  grouped   toge ther   accord ing   to   geographica l  
reg ion   and   thus   sa t i s fy   condi t ion   one .   Three   geographica l   reg ions  are 
i n d i c a t e d  w i t h  t h r e e  p a t h s  i n  e a c h  r e g i o n .  The s k e t c h  i n  F i g u r e  5 
shows the  genera l  geographica l  reg ions .  
Table 11 shows t h e  p a t h  l o c a t i o n s  g r o u p e d  t o g e t h e r  a c c o r d i n g  t o  t h e  
l eng th   o f   t he   t r ansmiss ion   pa th .   No te   t ha t  a similar p a t h ,  w i t h  r e s p e c t  
t o   l e n g t h ,   e x i s t s   i n   e a c h   g e o g r a p h i c a l   r e g i o n .   T h i s   s a t i s f i e s   c o n d i t i o n  
two given  above - 
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TABLE I.  INSTRUMENTED PATHS GROUPED 
TOGETHER ACCORDING TO GEOGRAPHICAL REGION 
I I i i 1 Pa th  j Geographical  Nominal I I Path  Length i 
1, Number Region j Lat.   Long.,   S.tation  Loc ! (Miles) I 
I 
I 
I I I 1, ! I I . .  1 
! I I. I 
:I 2.  I 
i /1 I 
3 .  ; 
I 
A 
Dubach, La. to   Hur r i cane ,  La. I 21.50 
1 I /. 
33" 92" 1 Holly  Ridge,  La. t o  j I T a l l u l a ,  Miss. 
/, 
: 33.75 
)I 
1 
/. 
! ! 
Yazoo C i t y ,  Miss. t o  I i/ 
I T a l l u l a ,  Miss. j 40.75 
I I 
I) 
I 
1 ! 
4 .  1 j Maben, Miss. to   Egyp t ,  Miss. 
> i : 
I 
I 
i 
B 
I 
i 34.50"  88.50' 
19.50 6. 1 I Bar ton,  Ala. t o  Coker. Ala. I 
37.50 Bexar , ,Ala .   to   Egypt ,  Miss. 
1 
5 .  1 i 
L 
7 .  
R e y n o l d s v i l l e ,  Ky. t o  38" 83.50" C 8. 
43.50 Moreland, Ky. t o  E l k i n ,  Ky. 
E l k i n ,  Ky, 31.75 
9. 21.00 G a r r i s o n ,  Ky. t o  S t r i c k l e t t ,  Ky. 
\ \ 
\ \ 
DIAGRAM SHOWING THE GENERAL  GEDGRAPHICAL FEGIONS 
Figure 5. Diagram Showing the  General  Geographical Regions. 
TABLE 11. STATIONS GROUPED TOGETHER 
ACCORDING TO PATH LENGTH 
S t a t i o n  L o c a t i o n  i Pa th  Length (mi l e s )  
I Dubach, La. t o  H u r r i c a n e ,  La. 
Bar ton ,  Ala. to   Coker ,   Ala .  
I Gar r i son ,  Ky. t o  S t r i c k l e t t ,  Ky. I 
21.50 
19.50 
21.00 
I 
~ 
Holly  Ridge,  La. t o  T a l l u l a ,  Miss. 33.75 
I Maben, Miss. t o  Egypt , Miss. 1 30 .OO 
R e y n o l d s v i l l e , . K y .  t o  E l k i n ,  Ky. 31.75 
Yazoo C i t y ,  Miss. t o  T a l l u l a ,  Miss. 
43.50 Moreland, Ky. t o  E l k i n ,  Ky. 
37.50 Bexar ,  Ala. to   Egyp t .  Miss. 
40.75 
A block d iag ram showing  the  in s t rumen ta t ion  des ign  fo r  each  of 
t h e  nine s t a t i o n s  i s  g i v e n  i n  F i g u r e  6 .  A d e t a i l e d  s c h e m a t i c  o f  t h e  
a m p l i f i e r  c i r c u i t s  a n d  t h e  s i g n a l  d i s t r i b u t i o n  a n a l y z e r  i s  shown i n  
Appendix I11 a l o n g  w i t h  a d iscuss ion  of  how the  equ ipmen t  ope ra t e s .  
The d a t a  o b t a i n e d  f r o m  t h e  s i g n a l  d i s t r i b u t i o n  a n a l y z e r  were used 
t o  p l o t  t h e  s i g n a l  d i s t r i b u t i o n  c u r v e s .  A t y p i c a l  c u r v e  i s  shown i n  
F igu re  7. 
The s i g n a l  d i s t r i b u t i o n  c u r v e  i s  n o r m a l i z e d  w i t h  r e s p e c t  t o  t h e  
receiver AGC v o l t a g e .  From t h e  AGC curve  of F i g u r e  4 3 ,  Appendix 111, 
one can see t h a t  t h e r e  is  a p a r t i c u l a r  v a l u e  of receiver input  power  , for  
which   the  AGC v o l t a g e  d r o p s  s h a r p l y .  T h i s  p a r t i c u l a r  v a l u e  o f  i n p u t  
power i s  t h e  maximum u s e a b l e  s i g n a l  power f o r  t h e  r e c e i v e r .  1 n . n o n n a l  
o p e r a t i o n ,  t h e  r e c e i v e d  s i g n a l  never r e a c h e s  t h i s  level. The maximum 
c a l i b r a t i o n  v a l u e  i s  . n o r m a l i z e d  t o  z e r o  dB f o r  p l o t t i n g  t h e  s i g n a l  
d i s t r i b u t i o n   c u r v e s .  The o r d i n a t e   o f   t h e   d i s t r i b u t i o n   c u r v e  is t h u s   t h e  
l eve l  ( i n  dB) t h a t  t h e  r e c e i v e d  s i g n a l  is be low the  maximum c a l i b r a t i o n  
level. The a b s c i s s a  of t h e  d i s t r i b u t i o n  c u r v e  i s  t h e   p e r c e n t  time of  
t h e  t o t a l  r e p o r t i n g  interval.  The t i m e  i n t e r v a l   c o n s i d e r e d   c a n   b e  
hours ,  days  , weeks , o r  months .  The  coord ina te  poin ts ,  A and B ,  shown 
o n  t h e  d i s t r i b u t i o n  c u r v e  o f  F i g u r e  7 s h o u l d  b e  i n t e r p r e t e d  t o  mean t h a t  
t h e  r e c e i v e d  s i g n a l  l eve l  w a s  e q u a l  t o  o r  less than  A dB f o r  B p e r  c e n t  
of t h e  t i m e .  
A l though  the  da t a  were u s e d  t o  p l o t  c u r v e s  similar t o  F i g u r e  7 ,  i n  
o r d e r  t o  u s e  t h e  i n f o r m a t i o n  d i s p l a y e d  b y  t h e s e  ccrves i t  was n e c e s s a r y  
t o  r e n o r m a l i z e  t h e  c u r v e s  s o  as t o  p r e s e n t  t h e  o r d i n a t e  as t h e  f a d e  
margin.   This  was a c c o m p l i s h e d   b y   r e l a b e l i n g   t h e   o r d i n a t e   v a l u e   o f   t h e  
cu rves   u s ing   t he   va lue   occu r r ing  a t  t h e  f i f t y  p e r c e n t  p o i n t s  as t h e  
z e r o  dB fade  margin  poin ts . .  
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Figure 6 .  Block Diagram of Instrumentation System. 
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Figure 7. Typ ica l   S igna l   Leve l   D i s t r ibu t ion   Curve .  
A curve for  each path showing the s ta t i s t ica l  d i s t r i b u t i o n  of t h e  
r ece ived  s igna l  level w a s  plot ted from each of  the nine instrumented 
paths.  These are shown i n   F i g u r e s  8-16. These  experimental  curves are 
for  the  nominal  ten-month period from January 20, 1966, t o  November 20,  
1966. 
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CHAPTER V 
A THEORETICAL  MODEL  FOR  FADE  MARGIN 
Der iva t ion  o f  t he  Fade  Marg in  Equa t ion  
The curves shown i n  F i g u r e s  8-16 were u s e d  t o  d e r i v e  a g e n e r a l  
ma themat i ca l  mode l  desc r ib ing  the  f ade  marg in  r equ i r ed  of  any path 
l y i n g  w i t h i n  t h e  g e o g r a p h i c a l  b o u n d s  of A t h e n s ,  L o u i s i a n a  ( l a t i t u d e  
32"-40' , longi tude 92"-37 ' )  , t o  G a r r i s o n ,  K e n t u c k y  ( l a t i t u d e  38"-33' , 
l o n g i t u d e  8 3 " - 0 6 ' )  , wi th  l eng th  va ry ing  f rom 19  miles t o  44  miles , and 
f o r   p r o p a g a t i o n   r e l i a b i l i t y   v a r y i n g   f r o m   9 0 %   t o   9 9 . 9 9 % .  The  outage time 
r a n g e  c o r r e s p o n d i n g  t o  t h i s  r a n g e  o f  p r o p a g a t i o n  r e l i a b i l i t y  is  1 0 %  t o  
. O k .  S ince   ou tage  times g r e a t e r   t h a n   1 0 %  are  s o  l a r g e  as t o   r e n d e r   a n y  
commercial  communicat ion system unserviceable ,  no at tempt  was made t o  
f i t  t h e  c u r v e  f o r  o u t a g e  times g r e a t e r  t h a n  1 0 % .  
The b a s i c  e q u a t i o n  f o r  c a l c u l a t i o n  o f  t h e  r e q u i r e d  f a d e  m a r g i n  f o r  
a p a r t i c u l a r  p a t h  s a t i s f y i n g  t h e  a b o v e  c o n d i t i o n s  i s :  
Fade  Margin = 1 KO + Kllog10 [ l  + O.T. ( l O O O ) ]  I 5-1 
where K O  and K1 are cons t an t s ,  and  O.T. e q u a l s  o u t a g e  t i m e  e x p r e s s e d  i n  
p e r  cent. 
T h i s  e q u a t i o n  was deve loped  f rom the  gene ra l  fo rm o f  the  expe r i -  
menta l  curves  which  are q u i t e  similar t o  t h e  a m p l i t u d e  p l o t s  o f  s i m p l e  
t r a n s f e r   f u n c t i o n s   o f  e lectr ical  c i r c u i t s .   I n  a s e n s e   t h e   a t m o s p h e r e  
b e t w e e n  t h e  t r a n s m i t t e r  a n d  t h e  receiver can  be  r ep resen ted  by  a two 
p o r t  t r a n s m i s s i o n  d e v i c e ,  t h e  t r a n s f e r  c h a r a c t e r i s t i c s  o f  w h i c h  d e t e r -  
m i n e  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  t r a n s m i t t e d  s i g n a l  level and  the  
r e c e i v e d  s i g n a l  level. 
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The t r a n s f e r  characteristics are d i s p l a y e d  g r a p h i c a l l y  by t h e  p l o t  
of  fade  margin versus outage time because  of  the  atmosphere.  A s  is t h e  
case i n  s y s t e m  a n a l y s i s ,  t h e  e q u a t i o n  o f  t h e  t r a n s f e r  f u n c t i o n  can then 
be  synthes ized  f rom these  curves .  
Once the fade margin curves are obtained,  the dependence upon pa th  
length  and  geographical  location  can  be  determined.  This  dependence  of 
the fade margin upon t h e s e  v a r i a b l e s  i s  analogous to  the dependence of  
the ampli tude of  the output  of  a "black box"  upon the  va lues  o f  r e s i s to r s  
and   capac i tors   tha t  may c o m p r i s e  t h e  c i r c u i t  i n  t h e  b o x .  I n  t h i s  case 
the dependence o f  KO and K1 upon pa th  length  and  geographica l  loca t ion  
needs  to  be  expressed  in  a set  of  equat ions  tha t  a l low KO and K1 t o  be 
c a l c u l a t e d  f o r  any pa th  sa t i s fy ing  the  cond i t ions  p rev ious ly  men t ioned .  
By i n s p e c t i n g  t h e  c u r v e s  p l o t t e d  f o r  p a t h s  o f  v a r y i n g  l e n g t h  b u t  i n  
t h e  same geograph ica l  l oca t ion ,  t he  e f f ec t s  o f  pa th  l eng th  may be  de- 
r ived.   Figures  17-19 show p l o t s  of the  nominal  20,  30, and 40 mile pa ths  
i n  similar geographica l  loca t ions .  The e f f e c t  o f  p a t h  l e n g t h  is a g e n e r a l  
i nc rease  in  the  f ade  marg in  r equ i r ed  fo r  a longe r  pa th .  Also,  t h e  f a d e  
margin required decreases  as the  geograph ica l  l oca t ion  moves f u r t h e r  
north.   Figures  20-22  show g raph ica l ly   t he   e f f ec t   o f   geograph ica l   l oca -  
t i o n .  
The equa t ions  used  to  ca l cu la t e  KO and K1 have been found heuris t i -  
c a l l y .  Several approaches were t r i e d  and  the  equations  which  produced 
t h e  b e s t  f i t  are the fol lowing:  
KO = GF 5-2 
where G is a func t ion  o f  path length and F is a func t ion  of geographical  
l oca t ion .  G w a s  determined by writ ing a polynominal  which relates t h e  
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change i n  I$ t o  p a t h  l e n g t h  for one  geographical  region.  This  poly- 
nominal was synthesized on a d i g i t a l  computer by a least-squares  
approximation method. Fo r  th i s  r e sea rch  G has been determined to be: 
G = .052170(path  length)2 - 4.3437(path  length) + 30.074 5- 3 
S imi la r ly  : 
K1 = HK 5-4 
and the polynominal for H is : 
H = -.0093309 (pa th   l ength)2  + .86656(path  length) - 6.7179. 5-5 
S ince  the  geograph ica l  l oca t ion  i s  a funct ion of  two coordinates  
the determinat ion of  F and K was more invo lved  than  tha t  fo r  G and H. 
A f a i r l y  good approximation of F was found t o  b e  cos(1a t i tude) .  However, 
a much be t te r  approximat ion  of F was then found by mult iplying 
cos(1a t i tude)  by tan(L1)  where L1 is  a polynominal i n  l o n g i t u d e .  Thus 
F may be expressed as: 
F = cos ( l a t i t ude )   t an (L1)  5-6 
where 
L1 = - .052556(10ngi tude)~ + 10.34l( longi tude)  - 461.55, 5-7 
S imi la r ly  K may be expressed as 
K = cos(1at i tude)   tan(L2)  5-8 
where 
L2 = .000049975 ( longi tude)  f .99124(  longitude) - 46.617 . 5-9 
F i n a l l y  KO and K may be expressed as:  1 
K = G[cos( la t i tude) tan(Ll ) ]  
K1 = H[cos( la t i tude) tan(L2)]  
0 
5-10 
5-11 
where G ,  H ,  L1, and L2 are as noted above. 
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I n  a l l  of the  above  equat ions  the  pa th  length  is e x p r e s s e d  i n  
miles, and a l l  arguments of tr igonometric functions are expres sed  in  
degrees. 
In  us ing  these  equa t ions  s l i de  ru l e  accu racy  is n o t  s u f f i c i e n t .  
A small e r r o r  i n  s q u a r i n g  a number y i e l d s  a l a r g e  e r r o r  i n  t h e  r e s u l t .  
However, t h i s  d i f f i c u l t y  is  e a s i l y  overcome  by using a d i g i t a l  computer 
t o  pe r fo rm the  ca l cu la t ions .  Fo r  th i s  r eason  a program t o  c a l c u l a t e  
fade margin w a s  w r i t t e n  i n  Forgo language for the IBM 1620 d i g i t a l  
computer.  Appendix I1 contains  the  program  which was used to  determine 
the polynominals  for  G ,  H , L1 , and L2 , as  well as the  program wr i t ten  
to  ca l cu la t e  t he  f ade  marg in  d i r ec t ly  once  the  pa th  l eng th ,  geograph ica l  
l o c a t i o n ,  and d e s i r e d  p r o p a g a t i o n  r e l i a b i l i t y  are s p e c i f i e d .  
Comparison of Experimental and Theore t ica l   Resul t s  
Table I11 conta ins  the  theore t ica l  va lues  of  KO and K1 a s  c a l c u l a t e d  
for  the  n ine  ins t rumented  pa ths  by use of the equations derived above. 
The theore t ica l  curves  p lo t ted  us ing  these  ca lcu la ted  va lues  match  the  
exper imenta l ly  de te rmined  curves  to  wi th in  p lus  or  minus 2dB o r  less. 
Figures 8-16 show the comparison of  the theoret ical  and experimental  
curves. 
Equipment accuracy was l i m i t e d  t o  p l u s  o r  minus 2dB because of 
h y s t e r e s i s  i n  t h e  s w i t c h i n g  p o i n t  of t h e  l i g h t - s e n s i t i v e  d i o d e s .  
It  was pos tu l a t ed  seve ra l  times i n  t h e  l i t e r a t u r e  t h a t  t h e  a m p l i -  
t ude  d i s t r ibu t ion  o f  t he  s igna l s  r ece ived  ove r  a l ine-of-s ight  microwave 
system  might  follow  closely a Rayleigh  amplitude d i ~ t r i b u t i o n . ~  It 
should be noted that  only two of the  n ine  pa ths  ins t rumented  demon- 
s t r a t e d  a r e c e i v e d  s i g n a l  d i s t r i b u t i o n  t h a t  w a s  c lo se  to  the  Ray le igh  
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TABLE 111. COMPARISON OF EXPERIMENTAL AND THEORETICAL  DATA 
Length 
Path  (miles)  
~ ~~ 
1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
9. 
~~ ~ 
21 .50  
33.75 
40.75 
30.00 
37.50 
19 .50  
43.50 
31.75 
21.00 
Location 
Midpoint 
Lat . Long. 
32.70' 92.90' 
32.70' 91.30' 
32.70' 90.70' 
33.70' 88.90' 
34.00' 88.3'5 
34.50' 88.00' 
37.70' 84.50 
38.00' 84.00' 
38.50' 83.30' 
KO Calculated 
-32.862 
-47.869 
-50 .551  
-39.535 
-44.110 
-25.813 
-33.802 
-31.043 
-21.428 
K1 Calculated 
6.3738 
9.9802 
10.9860 
7.9334 
9.2279 
4.8354 
7.7675 
6 . 6 4 . U  
4.2945 
" 
.- 
I 
I 
F i t  of T h e o r e t i c a l  1 
Curve t o  Experi- 
mental Curve 
! 
r- 
I 
* l . O  dB l 
k0.5 dB 
kl.0 dB 
k2.O dB 
k2.0 dB 
k1.3 dB 
21.5 dB 
*l.O dB. 
*1.5 dB 
d i s t r i b u t i o n .  These were t h e  H o l l y  R i d g e  t o  T a l l u l a  p a t h  ( p a t h  2) and 
t h e  Yazoo C i t y  t o  T a l l u l a  p a t h  ( p a t h  3) which are t h e  two longes t  o f  
the most  southern paths .  These paths  required more fade margin for  a 
g iven  outage  t i m e  than  d id  any  of  the  o ther  pa ths  which  were i n s t r u -  
mented ,  and  ye t  they  requi red  less t h a n  t h a t  c a l l e d  f o r  by t h e  
R a l e i g h   d i s t r i b u t i o n   ( s e e   F i g u r e  2 3 ) .  I f   t h e   R a y l e i g h   d i s t r i b u t i o n  
were t o  b e  u s e d  t o  c a l c u l a t e  t h e  r e q u i r e d  f a d e  m a r g i n  f o r  9 9 . 9 9 %  
r e l i a b i l i t y   f o r   t h e   G a r r i s o n ,  Kentucky , t o   S t r i c k l e t t  , Kentucky, path 
(pa th  9)  the  resu l t  would  be  as much as 25 dB too  high.   This  much 
e r r o r  would b e  ve-ry c o s t l y  i n  a long  microwave  system. No a t tempt  was 
made t o  e x p l a i n  t h i s  d i f f e r e n c e ,  b u t  i t  s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  
o n l y  r e p o r t e d  r e s u l t s  t h a t  show agreement  wi th  the  Rayle igh  d is t r ibu t ion  
are those  f rom shor t - te rm s tudies .  
The f o l l o w i n g  c h a p t e r  i l l u s t r a t e s  by example the proper  use of t h e  
mathematical  model  derived  above. The path used i s  a genera l  pa th  which  
s a t i s f i e s  t h e  r e s ' t r a i n t s  p l a c e d .  o n  t h e  u s e  o f  t h e  f a d e  m a r g i n  e q u a t i o n .  
In  conc lus ion ,  t he  f ade  marg in  r equ i r ed  fo r  any  gene ra l  pa th  ly ing  
within the geographical  bounds of  Athens , L o u i s i a n a  ( l a t i t u d e  3 2 " - 4 0 ' ,  
l ong i tude  9 2 " - 3 7 ' ) ,  t o   Gar r i son ,   Ken tucky   ( l a t i t ude  3 8 " - 3 3 ' ,  l o n g i t u d e  
8 3 " - 0 6 ' ) ,  with  length  vary ing  f rom 19  miles t o  44  miles,  and f o r  
prapagat ion  re l iab i l i ty  vary ing  f rom 90% to  99 .99% can  be  ca lcu la ted  
us ing  the  fo l lowing  equa t ions  : 
Fade  Margin = I K,+K,log10 [I+O.T. (lOOO)] 1 
where O.T. = outage  time expres sed  in  pe rcen t  
K = GF; IC = HK 
G = .O5217O (pa th   l eng th )  - 4.3437 (pa th   l eng th )  + 30.074 
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100.0 
I 
H = -.0093309 (path  length) '  + .86656 (path  length)  - 6.7179 
F = cos (La t i tude )   t an  (L1) 
K = cos  (Lat i tude)   tan (L2) 
L1 = -. 052556 (Longitude)2 + 10.341  (Longitude) - 461.55 
L2 = ,000049975 (Longitude) + .99124  (Longitude) - 46.617 
To use  these  equat ions  to  des ign  a microwave path only the path 
length ,  geographica l  loca t ion ,  and  propagat ion  re l iab i l i ty  des i red  are 
needed. No experimental  propagation  measurements are required.  
Those fami l ia r  wi th  the  meteoro logica l  approach  to  the  problem 
of determining the fade margin required w i l l  n o t e  t h e  ease with which 
the fade margin i s  ca lcu la ted  us ing  th i s  mathemat ica l  model. 
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CHAPTER V I  
DESIGN  OF A TYPICAL 2 GHz 
LINE-OF-SIGHT MICROWAVE LINK 
Choosing t h e  S i t e  
The s e l e c t i o n  o f  sites f o r  a microwave relay system must take into 
account  economic  factors as w e l l  as t e c h n i c a l  f a c t o r s .  F o r  t h i s  r e a s o n  
several alternate sites should  be  kept  i n  mind when s e l e c t i n g  a pa th  
l o c a t i o n .  The p a t h  w i t h  t h e  m o s t  s u i t a b l e  t e r r a i n  c l e a r a n c e  may b e  a 
good  distance  from  roads  and a main  power source.  The c o s t  of con- 
s t r u c t i n g  a service road  and  b r ing ing  in  power may outweigh the cost  of 
higher  towers  a t  a more convenient s i t e .  The removal  of a l l  pa th  
obs t ac l e s ,  such  as trees,  power p o l e s ,  e tc . ,  from t h e  t r a n s m i t t e r  and 
r e c e i v e r  sites must  be kept  in  mind.  Survey of  the possible  paths  by 
a i r  o r  v e h i c l e  w i l l  o f t e n  d i s c l o s e  o b s t a c l e s  n o t  shown  on contour maps. 
Once a pa th  i s  chosen a p a t h  p r o f i l e  s h o u l d  b e  p l o t t e d ,  p r e f e r a b l y  
on p r o f i l e  g r a p h  p a p e r  w h i c h  c o r r e c t s  f o r  t h e  s l i g h t  downward cu rva tu re  
of the microwaves due t o  a s tandard  a tmosphere .  Pa th  prof i les  may be  
made by e l e c t r o n i c  a i r b o r n e  p r o f i l e  r e c o r d e r s  o r  by surveying. The 
comple t ed  pa th  p ro f i l e  shou ld  now b e  i n s p e c t e d  t o  see how  much c l ea rance  
t h e r e  is and what height towers are t o  b e  r e q u i r e d .  
P r e f e r a b l y  i r r e g u l a r  t e r r a i n ,  s u c h  as h i l l s  and  wash-board  country- 
s i d e ,  w i l l  comprise   the  propagat ion  path.  Smooth t e r r a i n ,  s u c h  as l a r g e  
l a k e s ,  rivers, f l a t  p r a i r i e ,  etc. ,  shou ld  be  avo ided  i f  poss ib l e .  
Assuming a p a t h  w i t h  s u f f i c i e n t  clearance is s e l e c t e d ,  s p e c i f i -  
c a t i o n s  f o r  a typ ica l  l ine-of -s ight  microwave path might be: 
Tower Heights Ground Elevat ion 
Above Ground Level Above Sea Level 
S t a t i o n  A, 
Transmit ter  
S t a t i o n  B ,  
Receiver 
350 f e e t  340 f e e t  
350 f e e t  460 f e e t  
Frequency 2 .0  GHz 
Geographical Location: 
(Midpoint  of  the Path) Lati tude 33' Longitude 89.75' 
Path  Length : 27.75 miles 
Transmit ter  Power: 26 watts = 14 dBw = 44 dBm 
Where dBw is defined as decibels above a watt and dBm i s  
def ined as decibels above a m i l l i w a t t .  
System R e l i a b i l i t y  d e s i r e d  is  99.9%. 
Equipment R e l i a b i l i t y  i s  s p e c i f i e d  a s  99.99%. 
Minimum u s e a b l e  s i g n a l  a t  i n p u t  t o  t h e  r e c e i v e r  i s  70 dB beloh 
one mill iwatt .  
S t a t ion  cab le  and coupling 1oses.are 10 dB f o r  e a c h  s t a t i o n .  
From the above specif icat ions the required fade margin and hence 
the required antenna gains must be determined. 
Calculat ing the Fade Margin Required 
The fade margin required may be calculated from the  equat ions  
der ived in  Chapter  V as follows: 
Sys tem  Rel iab i l i ty  = (Equipment R e l i a b i l i t y )  times 
(P ropaga t ion  Re l i ab i l i t y )  
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t h e r e f o r e :  
P r o p a g a t i o n  R e l i a b i l i t y  r e q u i r e d  = - = 99.909% = 99.91% 99  99 
99.99% 
C a l c u l a t i o n  o f  Kg: 
From page 45, G is g iven  by  equa t ion  5-3, t h u s  
G = .052170 (pa th  lengthI2  - 4.3437(path length)  + 30.074 
= .052170  (27.  75)2 - 4.3437  (27.75) + 30.074 
G = -50.29 
and   cos   (La t i tude)  = cos (33’) = .83867 
and  from  Page  45, L1 is g i v e n  by equa t ion  5-7, t h u s  
L1 = -.052556  (Longitude)2 + 10.341  (Longitude)-  461.55 
= -.052556  (89.75)2 + 10.341  (89.75) - 461.55 
L1 = .74521  rad ians  
t a n  (L1) = .93949 . 
Kg is  found  f rom  equat ion 5-10 , 
t hen  Kg = G cos ( L a t i t u d e )   t a n  (L ) 
o r  Kg = (-50.29)  (.83867)  (.93949) = - 39.624 . 
1 
Thus Kg = -39.624 
C a l c u l a t i o n  o f  K1: 
From page  45, H is g iven   by   equa t ion  5-5 . Thus 
H = - .0093309  (path  length)2 + .86656  (path  length)  - 6.7179 
= -.0093309  (27.  75)2 + .86656 (27.75) - 6.7179 
H = 10.144 
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and from page 45, L2 is  g i v e n  by e q u a t i o n  5-9, t h u s  
L2 = .000049975  (Longitude)%  .99124  (Longitude) - 46.617 
= .000049975 (89. 75)2 + .99124 (89.75) . -  46.617 
L2 = .74612  radians , 
tan (Lp) = .92437 
K1 i s  found  f rom  equat ion  5-11,   then 
K1 = H c o s   ( L a t i t u d e )   t a n  (L2) 
o r  Kl  = (10.144) (. 83867) (. 92437) = 7.8638 
Thus K1 = 7.8638 
For  a p r o p a g a t i o n  r e l i a b i l i t y  = 99.91% 
O.T. = 100% - 99.91% = .09% . 
Hence f ade  marg in  = 
-39.624 + 7.8638 lOglo[ l  + -09  (lOOO)] = 24.2 dB 
Thus t h e  r e q u i r e d  f a d e  m a r g i n  is found t o  be 24.2 dB. 
C a l c u l a t i n g  the Antenna Gain Required 
The fade margin may b e  e x p r e s s e d  i n  terms o f  t h e  s y s t e m  l o s s e s  
and  ga ins  as: 
Fade  Margin (dB) = Transmit ted  Power (dBm) 
- Minimum Useable  Power (dBm) - p a t h  l o s s  (dB) 
+ a n t e n n a  g a i n s  (dB) 
where  the  pa th  l o s s  is  e q u a l  t o  free s p a c e  a t t e n u a t i o n  of a n  
i s o t r o p i c  s o u r c e  p l u s  c a b l i n g  a n d  c o a x i a l  l o s s e s .  
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The f r e e  s p a c e  a t t e n u a t i o n  loss  is calculated by0 
Free  space  loss  = 10 log,, (4a  path  length)  
(1) 
o r  free space loss = 10 log,, ( 4 ~ ) ~  + 10 loglo (path length)  
- 10 log,, (1)2 
= 22 + 64 + 10 log, , (path length)2 - 10 log,, 
= 86 + 20 logl  (path  length) - 20 loglo  ( X )  
where path length i s  i n  miles and A is the frequency wavelength in  
meters. 
Thus f r e e  s p a c e  loss = 86 + 20 loglo (27.75) - 20 loglo ( .15)  
,= 86 + 28.84 + 16.5 
= 132 dB. 
T h e r e f o r e  t o t a l  p a t h  l o s s  (dB) i s  equal  to :  
Free  space  loss  . . . . . . . .  132 dB 
Cable  and  coupling 1os.s . . . . .  20 dB 
T o t a l   p a t h   l o s s  . . . . . . . .  152 dB 
The antenna gains  may  now be calculated from: 
Antenna  Gains (dB) = Fade  Margin (dB) + Path loss (dB) 
+ Minimum Useable Power (dBm) - Transmit ter  
Power (dBm) . 
Therefore ,  the  an tenna  ga in  requi red  to  obta in  suf f ic ien t  fade  margin  
to  ach ieve  99.91% p r o p a g a t i o n  r e l i a b i l i t y  is: 
Antenna  Gains (dB) = 24.2 + 152.  + (-70) - ( 4 4 )  = 62.2 dB . 
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The required antenna gains  may be achieved by use of  parabol ic  dish 
antennas with diameters as follows: 
S t a t i o n  A: Six-foot 29 dB Gain 
S t a t i o n  B: Ten-foot 33.5  dB Gain 
Total  Antenna  Gain = 62.5 dB 
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CHAPTER VI1 
SUMMARY AND CONCLUSIONS 
The research reported here  consis ted of  three main phases ,  a 
comprehens ive  l i t e ra ture  survey  , an experimental  study, and a theo- 
re t ical  study. 
The l i t e r a t u r e  s u r v e y  w a s  conducted to determine what , i f  any, 
research had been conducted towards determining the propagation 
r e l i a b i l i t y  of  microwave s igna ls  over  l ine-of -s ight  pa ths  on e a r t h .  
The most per t inent  books  and  ar t ic les  rev iewed are t a b u l a t e d  i n  t h e  
bibl iography.  The r e s u l t  of the   survey  was the  conc lus ion  tha t  
v i r t u a l l y  n o  work had been conducted with the determination of propa- 
g a t i o n  r e l i a b i l i t y  as the main object ive.  Most of t h e  work reported 
had been directed towards the relat ionship between the meteorological  
changes i n  t h e  atmosphere and the result ing signal fading which took 
place.  Only a very few of t h e  a r t i c l e s  and  books  reviewed  discussed 
the depth of fades encountered versus the percentage of t i m e  these fades 
are present.  This,  however,is  one  of  the  main  problems  the  microwave 
system engineer must c o n s i d e r  s i n c e  t h e  p r o p a g a t i o n  r e l i a b i l i t y  is a 
d i r e c t  f u n c t i o n  o f  t h i s  phenomenon. W i t h o u t  t h e  s o l u t i o n  t o  t h i s  
problem the systems engineer is a t  a lo s s  t o  accu ra t e ly  de t e rmine  the  
pa th  ga in  requi red  to  achieve  a d e s i r e d  s y s t e m  r e l i a b i l i t y .  T h i s  
research  was directed toward a u s e a b l e  s o l u t i o n  t o  t h i s  p r o b l e m  i n  t h e  
most d i r e c t  manner apparent a t  t h e  time. 
The approach used w a s  t o  d e r i v e  a s e t  of equations which would 
a l low ca lcu la t ion  of  the  fade  margin  requi red  for  a given propagation 
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r e l i a b i l i t y ,   p a t h   l e n g t h ,  and geographical   locat ion.   These  empir ical  
equat ions were determined using experimentally obtained data as t h e  
b a s i s  f o r  t h e  model. An example w a s  g i v e n  t o  i l l u s t r a t e  t h e  u s e  of 
these equat ions.  These equat ions are va l id  fo r  pa th  l eng ths  o f  approx i -  
mately 19 miles t o  44 miles, loca ted  in  the  geographica l  reg ion  be tween 
32" and 39" l a t i t u d e  a n d  83". and 93" longitude, and for a propagation 
rel iabi l i ty  varying from 90% to 99.99%. These equat ions match the 
exper imenta l  da ta  to  wi th in  i- 2 dB. 
It  is f e l t  t h a t  t h i s  r e s e a r c h  c o u l d  b e  e x t e n d e d  i n  s e v e r a l  ways 
which would make fur ther  cont r ibu t ions  to  the  knowledge  of  microwave 
p ropaga t ion .  F i r s t ,  by  making exper imenta l   s tud ies  a t  2 GHz i n  o t h e r  
p a r t s  of  the  Uni ted  S ta tes ,  a more comprehensive picture of t h e  r e l a t i o n -  
ship between fade margin,  propagat ion rel iabi l i ty ,  geographical  locat ion,  
and path length could be obtained. Secondly,  i t  would be  h ighly  advan- 
tageous  to  know t h e  e f f e c t s  of  t ransmit t ing frequency on the  requi red  
fade  margin  for  a g iven  va lue  o f  p ropaga t ion  r e l i ab i l i t y .  
With the  r e su l t s  ob ta ined  f rom s tudy ing  these  two t o p i c s ,  it 
should  be  poss ib le  to  expand the  equat ions  deve loped  in  th i s  research  to  
i n c l u d e  a l l  t h e  v a r i a b l e s  a microwave system engineer would normally 
encounter i n  ca lcu la t ing  the  proper  fade  margin  for  a given value of 
p r o p a g a t i o n  r e l i a b i l i t y .  
With the increasing use of  microwave systems with t h e i r  l a r g e  
bandwidth  capabi l i t i es  , expanded knowledge of microwave propagation i s  
more important than ever before.  
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PART I1 
CROSSCORRELATION STUDY 
CHAPTER VI11 
INTRODUCTION 
The gene ra l ly  accep ted  theo ry  conce rn ing  p ropaga t ion  r e l i ab i l i t y  
is that v a r i a t i o n s  i n  t h e  r e c e i v e d  level of a s i g n a l  t r a n s m i t t e d  o v e r  
a g iven  propagat ion  pa th  are caused by changes i n  l o c a l  m e t e o r o l o g i c a l  
c o n d i t i o n s  a l o n g  t h a t  p a t h .  I f  t h e r e  is any  major   degree  of   correla-  
t i o n  b e t w e e n  t h e  f l u c t u a t i o n s  o f  t h e  r e c e i v e d  l e v e l s  o f  s i g n a l s  t r a n s -  
mi t t ed  ove r  two o r  more d i f f e r e n t  p a t h s  d u r i n g  p e r i o d s  o f  f a d i n g  
a c t i v i t y ,  as determined by the  p re sen t  s tudy ,  t hen  th i s  t heo ry  shou ld  
be   recons idered .  A s e a r c h  of p u b l i s h e d  l i t e r a t u r e  r e v e a l e d  no i n v e s t i -  
g a t i o n  of p o s s i b l e  c r o s s c o r r e l a t i o n  o f  s i g n a l  f a d i n g  o v e r  d i f f e r e n t  
propagat ion  pa ths  , o t h e r  t h a n  v i s u a l  o b s e r v a t i o n  o f  s t r i p  chart r eco rds .  
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CHAPTER IX 
DISCUSSION OF CROSSCORRELATION FUNCTIONS 
I n  t h e  a n a l y s i s ’ o f  n a t u r a l  a n d  man-made physical  systems,  one may 
deal  with ampli tude-t ime var ia t ions.  These may b e  t h e  level of 
v i b r a t i o n ,  t h e  s t r e n g t h  o f  a communication s igna l  f rom an  unknown 
transmitter, o r  c o u n t l e s s  o t h e r  phenomena t h a t  v a r y  as a funct ion of  
time. Usually,  a r e p r e s e n t a t i o n  o f  t h e  p a r t i c u l a r  phenomenon can  be 
o b t a i n e d  i n  t h e  form  of vo l tage  ampl i tude  versus  time through the use 
of appropr i a t e   t r ansduce r s .   In  many cases   su i t ab le   ana lyses   can   be  
c a r r i e d  o u t  by s imply recording the t ransducer  output  on a s t r i p  c h a r t ,  
photographic  f i lm,  or  magnet ic  tape,  and s tudying  the  resu l t ing  ampl i tude-  
time v a r i a t i o n s .  A s  the  sys tem under  inves t iga t ion  becomes  more  complex, 
t h e  v i s u a l  a n a l y s i s  of s imple  ampl i tude - t ime  va r i a t ions  f a i l s  t o  p rov ide  
the  necessary  infor ina t ion .  For  example  the  t ransmi t ted  s igna l  may be  
obscured  in  random n o i s e ,  o r  t h e  wave shape may b e  s o  complex t h a t  no 
s i g n i f i c a n t  p a t t e r n  c a n  b e  d e t e c t e d  v i s u a l l y .  Under such  circumstances 
o t h e r  d a t a  a n a l y s i s  o r  r e d u c t i o n  methods  must  be  employed t o  assist t h e  
s c i e n t i s t s  o r  e n g i n e e r s  i n  a n a l y z i n g  t h e  b a s i c  p r o c e s s  a n d  making some 
p red ic t ions   r ega rd ing   fu tu re   even t s .  T i m e  c o r r e l a t i o n  is one  of   the 
mosr b a s i c  of these   methods .   This   inc ludes   the   au tocorre la t ion   func t ion ,  
employed wi th  a s ing le  ampl i tude - t ime  func t ion ;  and  the  c ros sco r re l a t ion  
func t ion ,  employed w i t h  p a i r s  of ampli tude-t ime funct ions.  
The primary concern i n  a communication  problem i s  the flow of 
messages.  Associated with the f low of messages is  noise  which may b e  
general ized to  include any unwanted message in  the presence of  a wanted 
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message, and fading caused by many f a c t o r s   i f  wave propagation is of 
concern. The f luctuat ions of  these messages with noise  or  fading as 
functions  of t i m e  are extremely complex. Furthermore,   f requent ly   the 
under ly ing  causes  of  the  f luc tua t ions  are not completely understood. 
Hence these  func t ions  are c a l l e d  random func t ions  o r  random processes .  
Because of  the i r  complexi ty  the  fu ture  of  these  func t ions  cannot  be  
p rec i se ly  p red ic t ed .  
A recent advance in communication engineering which has attracted 
cons ide rab le  a t t en t ion  is the development of s t a t i s t i ca l  communication 
theory.   According  to  this  theory,   communication  problems may b e  con- 
s i d e r e d  s t a t i s t i c a l l y  and described in accordance with the concept of 
probabi l i ty   theory .  The theory  of   correlat ion  and i t s  a p p l i c a t i o n  t o  a 
l a r g e  class of problems i s  one phase of  the development  of  s ta t is t ical  
communication  theory. The concept of c o r r e l a t i o n  is qui te   impor tan t  and 
e f f e c t i v e  i n  h a n d l i n g  a random phenomenon or  one  in  which  per iodic ,  
t r a n s i e n t ,  a n d  random funct ions  a re  in te rmixed .  
Before  cons ider ing  cor re la t ion  func t ions  as  an  appl ica t ion  in  the  
communication area, i t  would b e  i n t e r e s t i n g  and h e l p f u l  t o  have a b r i e f  
d i scuss ion   of   cor re la t ion .   Corre la t ion  is  an   express ion   of   re la t ionship  
which i m p l i e s  common causes with respect t o  two o r  more  phenomena, but  
does  not  provide  the  in te rpre ta t ion  of  cause  and e f f e c t .  A c o r r e l a t i o n  
ana lys i s  can  on ly  e s t ab l i sh  the  " f ac t s "  o f  t he  r e l a t ion .  Fo r  the  
meaning  of t h e s e  f a c t s ,  t h e  i n v e s t i g a t o r  must  look  elsewhere.  Simple 
c o r r e l a t i o n  may ind ica t e  the  ex i s t ence  o f  a re la t ionship  be tween two 
v a r i a b l e s ,  s a y  X and Y. There i s  a measure  which is u s e d  t o  i n d i c a t e  
t h e  d e g r e e  o f  t h e  r e l a t i o n s h i p  t h a t  exists between two var iab les .  This  
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measure is  known as t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  and i s  an  a t t empt  to  
summarize i n  one number the  degree  of  re la t ionship  ex is t ing  be tween 
two functions.  Given N p a i r s  of values  as XIY1, X2Y2, ... $Yn, i t  
is defined  mathematically , by n o t a t i o n  r , as9 9 l o  
where 5 = the  average  or  mean of t he  p roduc t s  o f  t he  pa i r s ,  
" 
X Y = the  average  of  the  X ' s  times the  average  of Y ' s  , 
x = t he  s t anda rd  dev ia t ion  o f  t h e  X ' s ,  
y = the  s tandard  devia t ion  of t h e  Y ' s .  
Some o ther  usefu l  formulas  which can be derived from the above equation 
X Y  
1 
N " 
- 1 X i Y i - X Y  
N i=l 
r =  Y 
1=1 i=l 
and 
co-variance 
r =  
(var iance of X) 1'2 (var iance of Y >  ' 1 2  
I f  t h e  v a r i a b l e s  X and Y are  independent ,  i . e .  , no t  co r re l a t ed ,  t he  co- 
var iance is zero.  11 me s i m p l e  c o r r e l a t i o n  c o e f f i c i e n t  is  a q u a n t i t a t i v e  
es t imate  of  the  d i rec t ion  and magnitude of the  re la t ionship  be tween two 
v a r i a b l e s  when the   obse rva t ions   a r e  randomly  drawn. I t  is symmetrical 
w i t h  r e s p e c t  t o  X and Y, and can vary between +1 and -1, i . e . ,  r must l i e  
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i n  t h e  r a n g e  0 5 I 1: I 5 1 , b u t  i n  p r a c t i c e ,  b e c a u s e  o f  random e r r o r ,  
0 < I r I < 1. An i n c r e a s e  i n  t h e  d e g r e e  o f  r e l a t i o n s h i p  is indica ted  by 
a n  i n c r e a s e  i n  t h e  a b s o l u t e  v a l u e  o f  r, t h e  s i g n  i n d i c a t e s  t h e  d i r e c t i o n  
o f  t h e  c o r r e l a t i o n .  The s ign  of  r tells the  inves t iga to r  whe the r  Y 
i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  X ( r  i s  pos i t i ve )  o r  whe the r  Y decreases  
w i t h  a n  i n c r e a s e  i n  X ( r  is negat ive) .  If  t h e r e  is  no  co r re l a t ion  be- 
tween two v a r i a b l e s ,  t h e  v a l u e  o f  r is z e r o ;  i f  t h e r e  is  a per fec t  cor re-  
l a t i o n ,  t h e  v a l u e  o f  r is  uni ty ,  i . e . ,  e i t h e r  +1 o r  -1. It is  r e a l i z e d  
t h a t  i f  some common f a c t o r s  a f f e c t  two v a r i a b l e s ,  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  may be high. A h ighe r  co r re l a t ion  coe f f i c i en t  p roves  the  
exis tence of  a c lose r  r e l a t ion  be tween  the  va r i ab le s ,  bu t  does  no t  
necessar i ly  imply causes .  
The observat ion of a moderate degree of correlation does not 
n e c e s s a r i l y  mean t h a t  common causes  ex i s t .  The observat ion may be due 
to   chance .   L ikewise ,   the   observa t ion   of   zero   cor re la t ion   does   no t  
n e c e s s a r i l y  mean t h a t  no c o r r e l a t i o n  e x i s t s  .I2 Thus ,  co r re l a t ion  ana lys i s  
a s s i s t s  i n  d e t e r m i n i n g  t h e  s i g n i f i c a n c e  o f  a re la t ionship  be tween two 
var iables .   Reasons why the   r e l a t ionsh ip   ex i s t s   (whe the r   spu r ious ,   ca sua l ,  
o r  e f f e c t  o f  some unknown variables)  cannot  be determined from t h e  mathe- 
matics. It involves  a s c i e n t i f i c  s t u d y  o f  t h e  s u b j e c t ,  p o s s i b l y  u s i n g  
addi t iona l  exper imenta l  da ta .  
I f  t h e r e  i s  an  a t tempt  to  make a s ta tement  of r e su l t s  o f  t he  co r re l a -  
t i o n  a n a l y s i s ,  t h e  i n v e s t i g a t o r  s h o u l d  c a r e f u l l y  compare t h e  r e s u l t s  w i t h  
the  o r ig ina l  hypo thes i s .  I f  hypo thes i s  and s ta t i s t ica l  r e s u l t s  do n o t  
agree ,  the  hypothes is  must b e  c a r e f u l l y  examined t o  see i f  i t  may l o g i c a l l y  
be r e s t a t e d  so as t o  b e  c o n s i s t e n t  w i t h  t h e  f a c t s  as found; and the 
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ana lys i s  mus t  be  ca re fu l ly  s tud ied  to  see i f   t h e r e  are any loopholes 
and m i s i n t e r p r e t a t i o n .  If  the  hypo thes i s  and  r e su l t s  are found t o  b e  
c o n s i s t e n t ,  t h e  p r o j e c t  may be regarded as completed; however, statis- 
t i ca l  a n a l y s i s  is  n o t  a s u b s t i t u t e  f o r  l o g i c a l  a n a l y s i s ,  c a r e f u l  
thinking,  and ful l  knowledge of  a problem. 1.t is merely an aid which 
may be employed i n  a r r i v i n g  a t  the  r igh t  answer .  
The e f f e c t  o f  c o r r e l a t i o n  w i t h  r e s p e c t  t o  statist ics has been shown. 
It  is a l so  advan tageous  to  d i scuss  the  co r re l a t ion  func t ion  and i ts  
appl ica t ions   in   communica t ions .   Corre la t ion   func t ions  are r e l a t e d  i n  
a q u i t e  n a t u r a l  way t o  time func t ions  (or  time s e r i e s )  which carry infor-  
mation. They r e f e r  t o  t h o s e  i n  w h i c h  t h e  v a r i a t i o n s  of t h e  q u a n t i t y  
under  observat ion as a function of time cannot  be  prec ise ly  pred ic ted .  
No mathematical  expression that  uniquely relates t h e  e f f e c t  t o  t h e  c a u s e  
i s  a v a i l a b l e .  I n  o r d e r  to e s t a b l i s h  a s imple  bas i c  method of  ana lys i s  
which is su i t ab le  fo r  app l i ca t ion  to  phys i ca l  p rob lems ,  unnecessa ry  
complication and refinement are avoided .   Cer ta in   res t r ic t ions   and  
i d e a l i z a t i o n s  are introduced. 
F i r s t ,  i t  is  assumed t h a t  random func t ions  theo re t i ca l ly  have  a 
durat ion  extending from t h e  i n f i n i t e  p a s t  t o  t h e  i n f i n i t e  f u t u r e .  I n  
prac t ica l  p roblems it  is imposs ib l e  to  meet th i s  a s sumpt ion ,  bu t  t he  
time functions used as experimental  data  should be physical ly  of  con- 
s iderable   dura t ion .   Second,   the   observa t ion   of  time func t ions  and t h e  
measurement  of c o r r e l a t i o n  f u n c t i o n s  are b a s e d  o n  s t a t i s t i c a l  t h e o r y .  
Since a random funct ion does not  repeat in  repeated experiments ,  the 
i n t e r e s t  i n  communication problems concerns not just a s i n g l e  random 
t ime func t ion  but  ra ther  an  aggrega te  of  random functions which are 
produced by s imi la r ly  prepared  sources .  The in f in i t e  aggrega te  o f  
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random t i m e  func t ions  is cal led  the  ensemble.  Each f u n c t i o n  i n  t h e  
ensemble is c a l l e d  a member function  of  the  ensemble.   Third,  i t  i s  
assumed t h a t  t h e  s t a t i s t i ca l  p rope r t i e s  o f  t hese  func t ions  a re  inva r i an t  
under a s h i f t  i n  time or ig in .  That  i s ,  the complete  set  o f  p robab i l i t y  
densi t ies  descr ibing an ensemble of  random funct ions  are independent of 
t h e  o r i g i n  from  which t i m e  is measured,. In  o the r  words ,  t hose  p rope r t i e s  
are s t a t i o n a r y  i n  t i m e .  These  assumptions are e a s i l y  j u s t i f i e d  f o r  a 
l a r g e  number of p r a c t i c a l  s i t u a t i o n s .  
The concept of an average is o f  b a s i c  i m p o r t a n c e  i n  s c i e n t i f i c  
a n a l y s i s ,  p a r t i c u l a r l y  i n  t h e  s t u d y  o f  random  phenomena. Since  cor- 
r e l a t i o n  f u n c t i o n s  are a special  type of average, they play a c e n t r a l  
ro l e  i n  the  ha rmon ic  ana lys i s  o f  random p r o c e s s e s .  I n  s t a t i s t i c a l  
communication theory there are two kinds of averages; namely, t i m e  
average  and  ensemble  (s ta t is t ical)   average.   Since,   for   the  general  
case, a random process i s  d e s c r i b e d  i n  terms of s t a t i s t i c s  and  proba- 
b i l i t y  d e n s i t i e s ;  t h e  ensemble average can be evaluated i f  t h e  n e c e s s a r y  
p r o b a b i l i t y  d e n s i t y  is known. On the other  hand,  without  necessary 
informat ion ,  the  t i m e  average can b e  es t imated only from t h e  p a s t  
behavior  of  the random time funct ions.   Since i ts  future   cannot   be 
p red ic t ed  exac t ly ,  most  of t h e  p r o b a b i l i t y  d e n s i t i e s  o r  d i s t r i b u t i o n  
func t ions  are d i f f i c u l t  t o  d e t e r m i n e ,  e i t h e r  t h e o r e t i c a l l y  o r  e x p e r i -  
menta l ly .  For tuna te ly ,  in  most p r a c t i c a l  a p p l i c a t i o n s  , d i r e c t  
measurements  of  probabi l i ty  densi t ies  or  dis t r ibut ion funct ions are  
unnecessary.   Other   desired  propert ies   such as time averages  and 
co r re l a t ion  func t ions  may be   ob ta ined   exper imenta l ly .   In   th i s   s tudy  
o f  t h e  c r o s s c o r r e l a t i o n ,  time f u n c t i o n s  r a t h e r  t h a n  j o i n t  p r o b a b i l i t y  
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d e n s i t i e s  are used and time averages are est imated.  It may b e  shown 
i n  t h e  p r a c t i c a l  s e n s e  t h a t  t h e  time average of an ensemble member, 
o v e r  t h e  i n f i n i t e  p a s t  and f u t u r e ,  i s  equal  to  the  ensemble  average  
f o r  a s t a t i o n a r y  random process.  l 3  The expression may b e  w r i t t e n  as 
T 
l i m  - f ( t )   d t  
T-m 2T 
1-T 
where P (x) is t h e  p r o b a b i l i t y  d e n s i t y ,  o r  s i m p l y  as f ( t )  = 5. However, 
as a mathematical problem, the equivalence deserves rigorous considera- 
5 
t i o n .  
The c r o s s c o r r e l a t i o n  i s  an  impor tan t  express ion  of  the  re la t ionships  
between two  random func t ions  wh ich  a re  r e l a t ed  to  each  o the r  i n  some 
way. I n  d i s c u s s i n g  t h e  c r o s s c o r r e l a t i o n  o f  two random funct ions,   one 
cons iders  the  func t ions  as i n d i v i d u a l  members of two separate  ensembles .  
The members of one ensemble are p roduced  qu i t e  s imi l a r ly  in  eve ry  
r e spec t .   Fo r   t he   de f in i t i on   o f   c ros sco r re l a t ion ,  l e t  f , ( t )  and f , ( t )  
b e  t h e  two random funct ions .  The, c rosscor re la t ion  func t ion  of  the  
random time funct ions is then  theo re t i ca l ly  de f ined  as 
I T  
+ 1 2 ( ~ )  = E m  - f ,   ( t ) f 2   ( t + - r ) d t  
T- 2T ’ -T 
where T i s  a displacement  a long the t i m e  axis  and 2T is  the  length  of  
time over which averaging of the product f ,  ( t ) f2( t+T)  i s  done. It i s  a 
time average. The s u b s c r i p t   1 2   i n d i c a t e s   t h a t   t h e   c r o s s c o r r e l a t i o n  
involves  f , ( t )  and f , ( t )  with the second numeral  2 r e f e r r i n g  t o  t h e  f a c t  
t h a t  f , ( t )  h a s  b e e n  s h i f t e d  i n  time by an amount of T seconds. The order  
of t he  subsc r ip t s  shou ld  be  kep t  p rope r ly  , f o r  when they  are  in te rchanged ,  
t h e  d e f i n i t i o n  r e f e r s  t o  
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+JZ1 (T) = l i m  - f 2 ( t ) f l   ( t + r ) d t  . 
T-W 2T 
' -T 
This  funct ion is assumed t o  e x i s t  f o r  e v e r y  v a l u e  o f  t h e  time delay,  
t h a t  i s ,  the  c ros sco r re l a t ion  func t ion  is  cont inuous  wi th  respec t  to  
the displacement T .  The ensemble  average is ' d e f i n e d  a s I 4  
J-m  J-m 
where  x1  and y are var iab les  and  P (x1 , y 2 ; ~ )  i s  t h e  f i r s t  j o i n t  
p robab i l i t y  dens i ty .  
2 515, 
I n  a similar manner, t h e  a u t o c o r r e l a t i o n  f o r  a random funct ion  
f ( t )  is defined as a t i m e  average as 
J -T 
The ensemble average of t he  au tocor re l a t ion  func t ion  of f , ( t )  i s  def ined 
J-m  -  
It i s  s u f f i c i e n t  t o  p o i n t  o u t  t h a t  t h e  two expressions,  t i m e  and  ensemble 
average, are e q u i v a l e n t  f o r  s t a t i o n a r y  random processes ,  according to  an 
important  theorem in random processes  known as  the Ergodic  Theorem." 
I n  a gene ra l  s ense ,  t he  . co r re l a t ion  func t ion  shows the degree of dependence 
of one  va lue  in  a t i m e  series t o  a n o t h e r  a t  a d i f f e r e n t  time. I n  t h e  com- 
p u t a t i o n  of bo th  c ros sco r re l a t ion  and au tocor re l a t ion  func t ions  th ree  
operat ions are involved: (1) One t i m e  func t ion  has  to  be  de layed  or  
s h i f t e d  i n  t i m e  w i t h  r e s p e c t  t o  t h e  o t h e r  f o r  a value of T = T I  ( i n  
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a u t o c o r r e l a t i o n ,  t h e  t i m e  func t ion  i s  d e l a y e d  w i t h  r e f e r e n c e  t o  i t s e l f ) .  
Then f2( t" r  1) is  ob ta ined  fo r  a l l  values  of  t. (2) The delayed function 
i s  mul t ip l i ed  by  the  o the r  t o  p roduce  a continuous instantaneous pro- 
duct .  Then f l ( t ) f 2 ( t " r l )  is formed f o r  a l l  t. (3)  The instantaneous 
product is ave raged  by  in t eg ra t ion  ove r  t he  en t i r e  du ra t ion  o f  t he  
func t ion ,  2T, which is t h e o r e t i c a l l y  i n f i n i t e .  However, p r a c t i c a l l y  , a 
s u f f i c i e n t l y  l o n g  d u r a t i o n  i s  considered and t h e  r e s u l t i n g  i n t e g r a l  is 
divided by the overlapped durat ion of  the two func t ions  fo r  t he  mean 
value which is represented by $12 (T) o r  $, ( T )  . 
S i n c e  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  h a s  v e r y  u s e f u l  c h a r a c t e r i s t i c s  
which are a p p l i e d  t o  a l a r g e  number of physical problems, some of i t s  
important   propert ies   should  be  examined.  The au tocor re l a t ion   func t ion  
i s  even ,  tha t  i s ,  $ 1 1 ( ~ )  = $ l l ( - ~ ) .  For T = 0 ,  the expression of  auto-  
c o r r e l a t i o n  is 
f T  
which i s  t h e  mean square of f ,   ( t )  , o r  mean power i f  f ,  ( t )  r e p r e s e n t s  a 
vo l t age  o r  a c u i r e n t  f o r  a 1-ohm load. The very extreme value $ , 1 ( ~ ) ,  
when T t e n d s  t o  i n f i n i t y ,  t e n d s  t o  z e r o  i f  f , ( t )  c o n t a i n s  n o  d . c .  o r  
p e r i o d i c  components. The a u t o c o r r e l a t i o n  is continuous  everywhere i f  i t  
is  continuous a t  * the  or ig in .16  I ts  value a t  t h e  o r i g i n  i s  maximum i n  
magnitude  and i s  p o s i t i v e .  The au tocorre la t ion  func t ion  of  a p e r i o d i c  
func t ion  i s  a l so  pe r iod ic .  
The c rossco r re l a t ion  o f  random f u n c t i o n s  a l s o  a p p l i e s  t o  communica- 
t ion   p roblems  in   var ious  ways. Its p r o p e r t i e s  are somewhat d i f f e r e n t  
from t ha t  o f  au tocor re l a t ion .  The func t ion  $ , 2 ( ~ )  is  n o t  n e c e s s a r i l y  
even  and i n  genera l ,  i t  i s  ne i ther  even  nor  odd .  However, i t  is easy 
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t o  see 4 q 2 ( - ~ )  = $21 (+T) . Graph ica l ly  th i s  means , w i t h  r e s p e c t  t o  t h e  
vertical axis, t h e  f u n c t i o n  $ 1 2 ( - ~ )  is  t h e  m i r r o r  image of $ 2 1 ( ~ )  , and 
vice versa. Furthermore, i n  c o n t r a s t  t o  a u t o c o r r e l a t i o n ,  t h e  v a l u e  of 
$ 1 2 ( ~ )  a t  t h e  o r i g i n ,  T = 0,  need  no t  be  the  m a x i m u m ;  b u t ,  similar t o  
a u t o c o r r e l a t i o n ,  t h e  c r o s s c o r r e l a t i o n  t e n d s  t o  z e r o  as the displacement 
t e n d s  t o  i n f i n i t y  i n  e i t h e r  d i r e c t i o n ,  t h a t  i s  , $12 (+m) = 0. This is 
t rue  p rov ided  the re  are no  d . c .  o r  pe r iod ic  components c o n t a i n e d  i n  
e i t h e r  one o r  bo th  o f  t he  random functions.  Concerning  the  upper  and 
lower bounds of  the crosscorrelat ion funct ion,  i t  has been shown t h a t 1 7  
T h i s  i n e q u a l i t y  i n d i c a t e s  t h a t  t h e  c r o s s c o r r e l a t i o n  o f  two random func- 
t i o n s  f l ( t )  and f 2 ( t )  , p r o v i d e d  t h a t  f , ( t )  = f 2 ( t + T )  f o r  a l l  v a l u e s  o f  
T ,  is always less i n  magnitude than the average of the two mean square 
va lues  of  the  random funct ions .  
A f t e r  c o n s i d e r i n g  c o r r e l a t i o n  i n  b o t h  s t a t i s t i c s  and communications, 
i t  i s  c l e a r  t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t  , or  the  covar iance ,  o f  the  
s t a t i s t i c s  and t h e  c o r r e l a t i o n  f u n c t i o n  of communication theory bear a 
c lose  resemblance  to   each  other .  Both of them a r e  e s s e n t i a l l y  mean 
values  of  the  product  of two  random var iab les .   Never the less ,  one 
important  difference between them is  t h a t  t h e  c o r r e l a t i o n  f u n c t i o n ,  a s  
t h e  name impl ies ,  i s  a function of t i m e ,  wh i l e  t he  co r re l a t ion  coe f f i c -  
i e n t  is a s i n g l e  mean v a l u e  o r  j u s t  a number. Since,  in communication 
problems , t i m e  is a p r imar i ly  impor t an t  va r i ab le ,  wh i l e  i n  s t a t i s t i ca l  
problems i t  is n o t  n e c e s s a r i l y  a re levant  parameter ,  such a d i f f e r e n c e  
is to  be  expec ted .  
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The crosscor re la t ion  func t ion  has  been  shown t o  serve as a measure 
of s imi la r i ty  be tween two staCistica1 t i m e  f u n c t i o n s  f l ( t )  and f 2 ( t ) .  
Since i t  is expressed as t h e  mean value of the  product  of f, (t)f2(t-f-r) , 
t h e  same crosscor re la t ion  for  every  va lue  of  d i sp lacement  T is expected 
i f  t h e  f u n c t i o n s  f l  ( t )  and f , ( t )  are o r i g i n a t e d  from s t a t i s t i c a l l y  
independent  sources.  It is  n o t e d  t h a t  t h e  c r o s s c o r r e l a t i o n  f u n c t i o n  is  
a function of time displacement T ,  no t  the  ins tan taneous  t i m e  t i n  t h e  
t i m e  functions  of  the  ensemble.  When t h e  c r o s s c o r r e l a t i o n  f u n c t i o n  f o r  
two func t ions  is a cons t an t  o r  ze ro  fo r  a l l  T ,  t h a t  i s ,  a h o r i z o n t a l  l i n e  
on t h e  p l o t  o f  t he  c ros sco r re l a t ion  ve r sus  t i m e  displacement,  the func- 
t i o n s  are sa id  to  be  incohe ren t  o r  have  no cor re la t ion  be tween them. If 
two func t ions  are dependent upon each  o ther ,  though not  ident ica l ,  the  
c ros sco r re l a t ion  func t ion  should b e  a curve with peaks a t  some s p e c i f i c  
values  of T .  The p laces  where  the  peaks  of  the  c rosscor re la t ion  func t ion  
occur are o f  g r e a t e s t  i n t e r e s t  t o  t h e  i n v e s t i g a t o r .  The values  of T 
where peaks occur w i l l  g i v e  some informat ion  concern ing  the  s imi la r i ty  
between two func t ions  wi th  r e spec t  t o  time. I f  b o t h  f u n c t i o n s  f ,  ( t )  
and f2( t )  fo l low each  o ther  very  c lose ly ,  o r  there  are some causes which 
have the same e f f e c t s  on both funct ions a t  t h e  same time, they are  both 
s i m u l t a n e o u s l y  l a r g e  ( o r  s m a l l )  i n  v a r i a t i o n .  I f  some causes  have  the 
same e f f e c t  upon  two f u n c t i o n s ,  b u t  t h e  e f f e c t  upon  one is delayed by 
some time T wi th  r e spec t  t o  the  o the r ,  t hen  the  va r i a t ions  o f  one  
func t ion  w i l l  fo l low those  of  the  o ther ,  except  tha t  they  are delayed 
by a t i m e  s h i f t  T .  The product of these  two func t ions  i s  a l s o  a func t ion  
of t i m e .  I n  t h i s  case, when the  var ia t ions  of  bo th  func t ions  a re  of  the  
same sign,  the product  would be a pos i t ive  func t ion  and  the  average  w i l l  
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t e n d  t o  a c c u m u l a t e  p o s i t i v e l y .  S i m i l a r l y ,  i f  t h e y  are b o t h  l a r g e  ( o r  
small)  , even with one delayed to the other,  and always of opposite sign, 
the product would be a negat ive  func t ion  and  the  average  w i l l  again 
accumulate,   al though  negatively.  Thus the  magni tude  of   the  crosscorre-  
l a t i o n  f u n c t i o n  is more s i g n i f i c a n t  t h a n  i t s  a l g e b r a i c  s i g n .  I f  two 
func t ions  are independent of each other,  or no common causes  ex i s t  
between them, they would tend to  cance l  each  o the r  on the average.  
S i n c e  t h e  c r o s s c o r r e l a t i o n  i s  a function of T ,  i t  is  i n t e r e s t i n g  
t o  examine t h e  meaning  of t h e  t i m e  delay T .  When the  ampl i tude  va r i a t ions  
o f  f ,  ( t )  fo l low those  of f 2 ( t )  e x a c t l y ,  t h a t  i s ,  the peaks and dips of 
f , ( t )  co inc ide  wi th  those  o f  f2 ( t )  w i thou t  any s h i f t  of t i m e ,  i t  is 
expec ted  tha t  t he  maximum i n  ampl i tude  of  the i r  c rosscor re la t ion  func t ion  
o c c u r s  a t  t h e  o r i g i n ,  T = 0. S imi la r ly  , when the peaks of the  c ross -  
cor re la t ion  func t ion  occur  a t  some spec i f i c  va lues  o f  T r a the r  t han  a t  
t h e  o r i g i n ,  t h e  i n d i c a t i o n  i s  t h a t  some unknown fac to r s  have  the  same 
inf luence  on both  func t ions  , making them v a r y  i n  t h e  same way, bu t  wi th  
one va r i a t ion  de layed  wi th  r e spec t  t o  the  o the r  by a time displacement T. 
By observing the crosscorrelat ion curve,  one obtains  information con- 
cerning similar e f f ec t s  occur r ing  on both funct ions,  and t h e  s e p a r a t i o n  
i n  time of  occurrence  of  these  e f fec ts .  
I n  r a d i o  wave p ropaga t ion ,  t he  f ad ing  in  s igna l  s t r eng th  due  t o  
a tmospher ic  condi t ions  or  o ther  poss ib le  causes  is a common occurrence.  
Crosscorrelat ion of  the recorded AGC s i g n a l s  o f  d i f f e r e n t  s e l e c t e d  
paths  , t h e  o b j e c t i v e  o f  t h i s  s t u d y ,  may h e l p  d e t e r m i n e  i f  t h e  v a r i a t i o n s  
i n  s i g n a l  s t r e n g t h  are due only t o  changes i n  l o c a l  m e t e o r o l o g i c a l  
condi t ions along the propagat ion path,  as i s  assumed i n  c u r r e n t l y  
accepted theories  of microwave propagat ion  over  opt ica l  pa ths .  
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CHAPTER X 
CROSSCORRELATION EXPERIMENTAL  PROCEDURE 
The pu rpose  o f  t h i s  po r t ion  o f  t he  s tudy  was to  de te rmine  
experimental ly ,  by use of an analog computer, i f  any t i m e  c o r r e l a t i o n  
ex is ted  be tween the  fad ing  of  microwave s igna l s  ove r  two d i f f e r e n t  
paths .  
The c rosscor re la t ion  equat ion  has  been  def ined  as 
T 
4 1 2 ( ~ )  = l i m  
1-T 
f , ( t ) f , ( t + T ) d t  
T- 
where  the  en t i r e  du ra t ion ,  2 T,  over which the average i s  taken,  is 
t h e o r e t i c a l l y  i n f i n i t e .  I n  a c t u a l  s i t u a t i o n s  t h e  t i m e  of   observat ion 
i s  f i n i t e ;  however, t h i s  i n t r o d u c e s  l i t t l e  e r r o r  s o  long  as  the  
pe r iod  o f  i n t eg ra t ion  is long compared wi th  the  longes t  per iod  of  
v a r i a t i o n  i n  e i t h e r  f u n c t i o n .  
The fo l lowing  example  i l lus t ra tes  the  prac t ica l  measurement  of a 
c ros sco r re l a t ion   func t ion .  L e t  f , ( t )  and f 2 ( t )  , shown i n  F i g u r e  24 
wi th  an  a rb i t r a ry  r e fe rence  po in t  t = 0 a s  ind ica t ed ,  r ep resen t  two 
recorded random vol tage  waves f o r  t h e  d u r a t i o n  T. Here a modif icat ion 
is made i n  t h e  d e f i n i t i o n  of t h e  c r o s s c o r r e l a t i o n  f u n c t i o n ,  i n  t h a t  
the  dura t ion  of  observa t ion  i s  from 0 t o  Tk seconds instead of being 
from - T t o  + T. The approximate  express ion  for  the  c rosscor re la t ion  
funct ion i s  thus given by 
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Figure 2 4 .  Functions t o  b e   c r o s s c o r r e l a t e d .  
where T is p o s i t i v e  i f  f , ( t )  is d i s p l a c e d  i n  t h e  n e g a t i v e  d i r e c t i o n  on 
t h e  t i m e  axis by t h e  amount T , and T is  n e g a t i v e  i f  f 2 ( t )  is d i sp laced  
i n  t h e  p o s i t i v e  d i r e c t i o n  on t h e  time axis by T .  To e v a l u a t e  t h i s  
f u n c t i o n  g r a p h i c a l l y ,  t h e  f i r s t  s t e p  i s  t o  form the  func t ion  f , ( t+Tk)  
by d i s p l a c i n g  f 2 ( t )  t o  t h e  l e f t  by t h e  amount T = -tk a s  i n d i c a t e d  i n  
Figure 24 .  Then t h e  p r o d u c t  f l  ( t )  f 2 ( t + - t k )  , r ep resen ted  by the lower 
curve,  i s  obta ined .   F ina l ly ,   the   average  of the  product  curve i s  found 
by performing the integrat ion and dividing by Tk ,  t he  l eng th  o f  t he  
common i n t e r v a l .  The va lue   thus   ob ta ined  is a po in t  on the   c ros sco r re l a -  
t i on  cu rve  a t  T = Tk. This method r e s u l t s  i n  d i s c r e t e  v a l u e s  o f  4 1 2 ( ~ )  
i n s t ead   o f  a cont inuous   curve   o f   the   c rosscor re la t ion   func t ion .  The 
averaging procedure i s  r e p e a t e d  f o r  a series of  values  of  T u n t i l  
s u f f i c i e n t  p o i n t s  are ob ta ined   t o   de t e rmine   t he   en t i r e   cu rve .   S ince  
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f ( t )  , f, (t) , and f (t) f,(t+Tk) are continuous functions , t h e   m u l t i p l i -  
cat ion and integrat ion can be accomplished by using an analog computer .  
As i n d i c a t e d  p r e v i o u s l y ,  t h i s  s t u d y  w a s  performed over  three 
se lec ted  opt ica l  pa ths  which  are p a r t  of t h e  Texas E a s t e r n  Transmission 
Corporation's 2 GHz microwave  system. They are l o c a t e d  i n  t h e  n o r t h -  
eastern port ion of  Mississ ippi  and the  ex t reme nor thwes tern  por t ion  of  
Alabama. The s t a t i o n s ,   t h e i r   p a t h   l e n g t h s ,  and operat ing  f requencies  
are l i s t e d  i n  T a b l e  I V .  These t h r e e  p a t h s  are i n  s i m i l a r  g e o g r a p h i c  
areas, but  have  d i f fe ren t  lengths .  
TABLE I V  
Locat ions of  the three t ransmission paths  
S ta t ion  Locat ion  
Frequency (miles)  
Operating Path Length 
(GHz) 
1. Maben, Miss. to  Egypt ,  Miss. 
2. Bexar, A l a .  t o  Egypt, Miss. 
1.98 30.00 
1.98  19.50 3. Barton,  Ala.  to  Coker, A l a .  
1.98 37.50 
The expe r imen ta l  da t a  fo r  t h i s  work were obtained by recording the 
AGC vol tages  of t he  th ree  r ece ive r s  s imul t aneous ly  on an Ampex SP-300 
magne t i c  t ape  da t a  r eco rde r  (he rea f t e r  r e fe r r ed  to  as recorder  A) 
loca ted  a t  the  Egypt  te rmina l .  The AGC s i g n a l  from t h e  B a r t o n  t o  Coker 
pa th  was t ransmi t ted  to  Egypt ,  Miss i ss ippi ,  via a pulse modulated tele- 
metering channel utilizing equipment which w a s  spec i f i ca l ly  des igned  
fo r  t h i s  expe r imen t .  WWV s tandard  t iming  pulses  were recorded  simul- 
taneously on the magnet ic  tape,  t oge the r  w i th  the  th ree  AGC s i g n a l s .  
74 
Since  f ad ing  ac t iv i ty  is a t  a maximum during night hours,  reccrrdings 
were obtained during darkness.  These experimental  data were recorded on 
t$e ear ly  morning of  July 8, 1966.  The' d a t a  were recorded a t  a speed 
of 1s inches per  second,  the lowest  speed of  the recorder ,  for  a per iod 
of  approximately  three  hours.   There are fou r  ava i l ab le  channe l s  on t h e  
magnetic  tape. The channels 1, 2 ,  3 ,  and' 4 are WWV t iming pulses ,  Barton 
t o  Coker path , Bexar t o  Egypt path,  and Maben t o  Egypt path,  reqpfctively.  
The maximum f requency  of  the  var ia t ions  in  ampl i tude  of  the  rece ived  
s i g n a l s  is  5 Hz, due t o  t h e  time constank of the AGC c i r c u i t  o f  t h e  
rece ivers .  
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The n e x t  s t e p  of th i s  exper iment  was t o  o b t a i n  t h e  t h r e e  c r o s s -  
correlat ion curves between any two o u t  of t h e s e  t h r e e  r e c e i v e d  s i g q a l s  
( they  a re  ca l l ed  channe l  2 ,  3 ,  o r  4 , i n  t he  fo l lowing  d i scuss ion  for 
s i m p l i c i t y )  , u t i l i z ing  the  ana log  compute r  f ac i l i t y  o f  Miss i s s ipp i  S t a t e  
Universi ty .  It i s  inc iden ta l  t ha t  t he  vo l t age  po la r i ty  o f  channe l  2 i s  
r eve r sed  wi th  r e spec t  t o  the  o the r  two channels;  and, as would be expected, 
the  c rosscor re la t ion  func t ions  of  channel  2 with each of t h e  o t h e r  two 
channels are of   opposi te   s ign  to   that   of   channel  3 with  channel 4 .  Since 
time displacement of one channel with respect to the other i s  necessary 
fo r  pe r fo rming  the  c ros sco r re l a t ion  a d u p l i c a t e  t a p e  was recorded, and 
two recorders  w e r e  u t i l i z e d  t o  r u n  t h e  tapes simultaneously.  The second 
recorder  w a s  an Ampex FR-1100 multichannel magnetic tape recorder (here- 
a f t e r  r e f e r r e d  t o  as recorder  B) with half- inch tape.  
For saving t i m e  in  per forming  the  c rosscor re la t ion  wi th  the  ana log  
computer, the two recorders  were run a t  a speed of 15 inches per secopd, 
which I s  t h e  m a x i m u m  speed  of  recorder A. I n  t h i s  c a s e ,  t he  time scale 
of  the output  of  the recorders  is 8 times t h e  a c t u a l  time. The maximum 
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frequency of t h e  s i g n a l  v a r i a t i o n s  i s  increased by 8 times to  abou t  
40 Hz which is  s t i l l  wi th in  the  f requency  l i m i t  (100 Hz) of t he  mul t i -  
p l i e r s  of the  analog  computer. The to t a l  pe r iod  r eco rded  and  used  in  
pe r fo rming  the  c ros sco r re l a t ion  was two hours  of  ac tua l  time. Because 
of  the increased speed of t h e  t a p e  r eco rde r s ,  on ly  15 minutes w a s  
required t o  run the whole period of t a p e  in  the analog computer .  
Since it is d i f f i c u l t  t o  o b t a i n  t h e  c o n t i n u o u s  time displacement 
f o r  a c ros sco r re l a t ion  cu rve ,  d i sc re t e  va lues  o f  T were chosen; then by 
connec t ing  the  d iscre te  poin ts ,  an  approximate  c rosscor re la t ion  curve  
was obtained. The time s h i f t ,  A T ,  chosen  for  each  performance of  t h e  
c r o s s c o r r e l a t i o n  was one-half minute, which corresponds to 4 minutes of 
a c t u a l  t i m e .  It was d e c i d e d  t h a t  t h e  g r e a t e s t  t o t a l  time displacement 
i n  e i t h e r  t h e  p o s i t i v e  o r  t h e  n e g a t i v e  d i r e c t i o n  would be about 6 
minutes,   which  represents 40% of   the   ac tua l   record ing  time. I n  t h i s  
case, a f i n i t e  number of  po in ts  on the  curve  were obtained.  The main 
i n t e r e s t  i s  in   inves t iga t ing   the   peaks   o f   the   cor re la t ion   curve .   Thus ,  
in  the  ne ighborhood of every peak, more values of T separated from each 
o t h e r  by 10 seconds were chosen in  o rde r  t o  r evea l  poss ib l e  sha rp  peaks  
occurring  between  the 30 second  intervals   of   displacement .   For  any 
spec i f i c  va lue  o f  T, the  per iod over  which the average was taken w a s  
only the oveplapping per iod of  the two t a p e s ,  i. e . ,  
T = (15 x 60) - T = 900 - T seconds. 
The v a r i a t i o n  i n  s i g n a l  l e v e l  of the  output  of  the  recorder  was 
generally below P vo l t ;  bu t  t he  ave rage  d . c .  l eve l  was about 3 o r  4 
v o l t s .  The f irst  s t e p  w a s  to   de te rmine   the   d .c .   l eve l   for   each   channel  
and remove i t ;  o therwise  the  d . c .  level would  have a dominant e f f e c t  on 
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t he  cu rve ,  s ince  the  ou tpu t  o f  t he  in t eg ra to r  o f  t he  compute r  w i th  a 
d.c.  input is  a ramp func t ion .  The a c t u a l  f l u c t u a t i o n s  of t h e  s i g n a l  
would have very l i t t l e  e f f e c t  on t h i s  ramp func t ion  and could not be 
examined;   therefore ,   the   resu l t ing   curves  would be  meaningless. The 
method of determining the d.c.  level of each channel w a s  t o  a v e r a g e  
each  channel  th rough the  ana log  computer ,  u t i l i z ing  the  c i rcu i t  shown 
i n  F i g u r e  25. The pos i t ive  vol tage  necessary  to  cance l  the  d .c .  level 
w a s  es t imated  and obtained from the +lo0 vo l t s  supp ly  of the computer 
through a poten t iometer ,  then  added  to  the  tape  s igna l  by a summing 
ampl i f ie r .  A potent iometer  with a g a i n  s e t t i n g  of 0 . 1  was inser ted 
b e f o r e  t h e  i n t e g r a t o r  i n  o r d e r  t o  k e e p  t h e  v a r i a t i o n  of  t h e  i n t e g r a l ,  
i . e . ,  [ f  ( t )+d.  c. vol tage]  d t ,  w i th in  the  limits of the computer , 
k 100 v o l t s .  I f  t h e  o u t p u t  o f  t h e  i n t e g r a t o r  w a s  s i g n i f i c a n t l y  d i f -  
I O T  
fe ren t  f rom zero ,  the  pos i t ive  d .c .  vo l tage  w a s  a d j u s t e d  b y  t r i a l  and 
e r r o r  u n t i l  n e g l i g i b l e  o u t p u t  was obtained.  
The t i m e  displacement T also had to  be considered before  perform- 
ing   t he   c ros sco r re l a t ion .   S ince   t he  two recorders   a re   d r iven  by 
synchronous  motors , the  speeds were assumed t o  b e  t h e  same. The time 
displacement T was accomplished by winding enough tape for T seconds 
of running t i m e  on the take-up reel be fo re  s t a r t i ng  to  run  the  p rob lem.  
The tape  on recorder  A was wound f o r  p o s i t i v e  T ,  and the tape on 
recorder  B f o r  n e g a t i v e  T .  For  example, i f  c h a n n e l  3 w a s  s h i f t e d  by 
T = +30 seconds from channel 2 €or  + 2 3  ( 3 0 )  , t he  r eco rde r  A was run 30 
seconds in  advance,  then the other  recorder  and t h e  computer were 
s tar ted s imultaneously.  For  T = -30 seconds , recorder  A w a s  s t a r t e d  
f i r s t ,  s i n c e  + 2 3 ( ~ )  = + 3 2 ( - ~ ) .  
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Tape f ( t )  
Recorder \ / 
Dig i t  a1 
Voltmeter 
potent iometer  
Figure 25. C i r c u i t  f o r  Determining  the  Average Level of the  S igna l .  
The ana log  computer  c i rcu i t  used  for  per forming  the  c rosscor re la t ion  
between  any two out  of  these three channels  i s  shown i n  F i g u r e  26. The 
on ly  d i f f e rence  is i n  t h e  d.c.  voltage  added  to  each  channel.  Because 
t h e  o u t p u t  o f  t h e  m u l t i p l i e r  i s  j u s t  one hundredth of i t s  r e a l  v a l u e  
and t h e  m u l t i p l i e r  h a s  a small d.c. level, two ampl i f ie rs  wi th  a gain 
of 5 each w e r e  p l a c e d  b e f o r e  t h e  m u l t i p l i e r  i n  o r d e r  t o  make the  ou tpu t  
of the. m u l t i p l i e r  more meaningful. Each c h a n n e l  s i g n a l  s t r e n g t h  l e v e l  
is  increased  by about 6 times. This   amplif icat ion made t h e  v a r i a t i o n s  
of the product more pronounced and minimized the effect of the d .c .  
o f f s e t  a t  the  output  of t he  mul t ip l i e r  wh ich  would otherwise have 
r e s u l t e d  i n  a ramp funct ion.  Potent iometer  C was selected with a gain 
value of 0.016 f o r  s i m p l i c i t y  i n  c a l c u l a t i o n ;  a n d ,  a s  i n d i c a t e d  i n  
Figure 26, i t  makes the  output  of the  Lntegra tor  be  
where 
The va lue  of t h e  c r o s s c o r r e l a t i o n  f u n c t i o n ,  m e a s u r e d  i n  v o l t s ,  f o r  
some T i s  obtained by mul t ip ly ing  the  output  reading  of t h e  d i g i t a l  
vol tmeter  by a f a c t o r  of - - where T is the  over lapped  per iod  for  
two tapes .  
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0 
channel 2 or 3 - 
channel 3 or 4 -
Recorder 
T "-- 10 '912('t) 
Note: A ,  B,  C are potentiometers 
Figure 26. Analog  computer c i r c u i t  for performing crosscorrelation. 
CHAPTER X I  
ReSULTS AND DISCUSSION 
According to  the  p rocedures  desc r ibed  in  the  p rev ious  chap te r  , 
the   c rosscor re la t ion   curves   o f   channel  2 and  channel 3 [ $ 2 3 ( ~ ) ] ,  . 
channel 2 and  channel 4 [ $ J ~ ~ ( T ) ] ,  and channel 3 and channel 4 [$,,(T)] 
were obtained  by  the  analog  computer. The d a t a  f o r  t h e s e  t h r e e  c u r v e s  
a r e  l i s t e d  i n  Tables 5 , 6 , and 7 ;  and the  th ree  c ros sco r re l a t ion  cu rves  
are shown i n  F i g u r e s  2 7 ,  28,  and 29. The s i g n  of the  curves  which 
include channel 2 are r e v e r s e d  i n  o r d e r  t o  t a k e  c a r e  o f  t h e  r e v e r s e , .  
po la r i ty  o f  t he  s igna l  r eco rded  on channel 2. 
Since every point of a c rosscor re la t ion  curve  should  represent  
t h e  r e s u l t  o f  a l a r g e  number  of observat ions made on t h e  random funct ion 
s o  as t o  e n s u r e  i ts  c lose  approx ima t ion  to  the  t rue  va lue ,  many sets of 
data  need to  be processed.  Consequent ly ,  i t  is imposs ib l e  to  make a 
d e f i n i t e  c o n c l u s i o n  j u s t  by processing one se t  of data .  Nevertheless  
some in fo rma t ion  abou t  t he  c ros sco r re l a t ion  bemeen  d i f f e ren t  selected 
o p t i c a l  p a t h s  was obtained. 
The c rossco r re l a t ion  cu rve  of channel 2 (Barton-Coker)  and  channel 4 
(Maben-Egypt) i n  F i g u r e  28 i n d i c a t e s  a de f in i t e  co r re l a t ion  be tween  these  
two paths  which  have  no common s t a t ion .  S ince  the  peak  occur s  a t  t he  
o r i g i n ,  t h e r e  i s  r e a s o n  t o  b e l i e v e  t h a t  t h e r e  are some common e f f e c t s  on 
both  paths  simultaneously  from some unknown causes.  Examining the  c ross -  
cor re la t ion  curves  of  423 (T) and I $ ~ ~ ( T )  i n  F i g u r e s  27 and 29 , t he  gene ra l  
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TABLE 5 
Data of crosscorrelation  curve  between  paths  of  Barton-Coker 
and  Bexar-Egypt.  (Time  of  this  table  should  be  multiplied 
by 8 for  actual  time). 
Tihe  Overlapped Reading of Digital Crosscorrelation 
Shift  Period T. Voltmeter V Value  $23 (TI 
T (seconds)  (seconds)  (volts)  (volts) 
-360 
-330 
-320 
-310 
-300 
-290 
-280 
-270 
-260 
-250 
-240 
-210 
-180 
-150 
-120 
* 90 
- 60 
- 30 
- 5  
- 0  
5 
30 
60 
80 
85 
90 
95 
100 
110 
120 
130 
140 
150 
160 
180 
190 
200 
205 
210 
220 
230 
240 
540 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
690 
7 20 
750 
780 
810 
840 
870 
895 
900 
895 
870 
840 
820 
815 
810 
805 
800 
790 
7 80 
770 
760 
750 
740 
720 
710 
700 
695 
690 
680 
670 
660 
1.07 
1.44 
1.71 
1.82 
1.69 
1.56 
1.53 
1.74 
1.55 
1.45 
1.27 
0.52 
0.15 
-0.07 
-1.02 
-1.58 
-2.23 
-2.45 
-2.40 
-1.96 
-2.42 
-2.82 
-2.28 
-1.98 
-1.95 
-1.88 
-1.80 
-1.78 
-1.83 
-2.43 
-2.15 
-2.13 
-1.72 
-1 * 75 
-1.95 
-1.29 
-1.21 
-1.26 
-1.22 
-1.20 
-1.52 
-1.50 
-0.0198 
-0.0253 
-0.0294 
-0.0308 
-0.0281 
-0.0256 
-0.0248 
-0.0276 
-0.0242 
-0.0223 
-0.0192 
-0.0075 
-0.0021 
0.0009 
0.0131 
0.0195 
0.0265 
0.0282 
0.0268 
0.0218 
0.0271 
0.0324 
0.0271 
0.0241 
0.0239 
0.0232 
0.0224 
0.0223 
0.0232 
0.0311 
0.0280 
0.0280 
0.0230 
0.0236 
0.0271 
0.0182 
0.0173 
0.0181 
0.0177 
0.0176 
0.0227 
0.0227 
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Table 5. (Continued) 
- ~~ 
Time  Overlapped Reading  of  Digital Crosscorrelation 
Shift  Period T Voltmeter V Value  $23(r) 
T (seconds)  (seconds)  (volts)  (volts)
270  630 -1.48 0.0219 
300  600 -0.60 0.0100 
330  570 -0.04 0.0007 
360  540 0.88 -0.0'163 
390  510 1.59 -0.0312 
TABLE 6 
Data of crosscorrelation  curve  between  paths  of  Barton-Coker 
and  Maben-Egypt.  (Time of this  table  should  be  multiplied by 
8 for  actual  time). 
Time  Overlapped Reading of Digital Crosscorrelation. 
Shift  Period T Voltmeter v Value  624 (TI 
'I (seconds)  (seconds)  (volts)  (volts) 
-360 
-330 
-320 
-310 
-300 
-270 
-240 
-210 
-180 
-150 
-120 
- 90 - 60 
- 50 
- 40 - 35 
- 30 - 25 
- 0  
30 
60 
90 
12 0 
150 
180 
210 
220 
230 
2 40 
270 
300 
330 
360 
390 
540 
5 70 
580 
590 
600 
630 
660 
690 
720 
750 
7 80 
810 
840 
850 
860 
865 
870 
875 
900 
870 
840 
810 
7 80 
750 
720 
690 
680 
670 
660 
630 
600 
570 
540 
5 10 
3.73 
2.71 
2.55 
2.14 
2.13 
2.18 
1.49 
-1.20 
-4.60 
-5.85 
-8.71 
-10.34 
-11.99 
-13.41 
-13.62 
-12.39 
-13.40 
-13.49 
-14.82 
-12.49 
-11.40 
-10.84 
-9.87 
-8.20 
-7.64 
-5.89 
-5.11 
-4.60 
-4.17 
-3.28 
-0.93. 
0.50 
3.07 
3.81 
-0.0691 
-0.04  75 
-0.0440 
-0.0360 
-0.0355 
-0.0346 
-0.0226 
0.0174 
0.0640 
0.0780 
0.1220 
0.1280 
0.1430 
0.1577 
0.1580 
0.1430 
0.1540 
0.1560 
0.1650 
0.1436 
0.1360 
0.1320 
0.1265 
0.1090 
0.1060 
0.0854 
0.0751 
0.0687 
0.0632 
0.0521 
0.0155 
-0.0088 
-0.0569 
-0.0747 
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TABLE 7 
Data of Crosscor re la t ion  curve  be tween pa ths  of  Bexar -Egypt  
and  Maben-Egypt. ( T i m e  of t h i s  t a b l e  s h o u l d  b e  m u l t i p l i e d  
by 8 f o r  a c t u a l  t i m e ) .  
T ime  
S h i f t  
T ( seconds)  
-540 
-510 
-480 
-450 
-420 
-390 
-360 
-340 
-330 
-320 
-300 
-270 
-250 
-240 
-230 
-210 
-180 
-150 
-12 0 
-100 
- 90 
- 80 
- 60 
- 30 
- 10 
0 
1 0  
30 
60 
90 
1 2  0 
150 
180 
210 
240 
2 70 
300 
310 
330 
360 
Overlapped 
Pe r iod  T 
(seconds)  
360 
390 
420 
450 
480 
510 
540 
560 
570 
580 
600 
630 
650 
660 
670 
690 
720 
750 
780 
800 
810 
820 
840 
870 
890 
900 
890 
870 
840 
810 
780 
750 
720 
690 
660 
630 
600 
590 
570 
540 
Reading of D i g i t a l  
Vol tmeter  V 
( v o l t s )  
0.10 
-0.17 
-0.14 
-0.35 
-1.51 
-1.53 
-1.77 
-2.44 
-2.96 
-2.74 
-2.47 
-1.70 
-1.92 
-1.91 
-1.92 
-1.50 
-1.67 
-1.55 
-2.30 
-2.93 
-3.02 
-2.87 
-2.38 
-3.30 
-3 .77  
-4.05 
-3.67 
-3.57 
-2.78 
-2.25 
-1.38 
-0.61 
0.15 
1.19 
1 .48  
2 . 0 1  
1 .68  
1 .68  
2.07 
1 .95  
- ~~~ ~ ~ ~ _ _ . ~ ~ .  
- .- 
C r o s s c o r r e l a t i o n  
Value  $34 (T) 
( v o l t s )  
~- - ". ~ . - ~. 
-0.0028 
0.0044 
0.0033 
0.0078 
0.0296 
0.0328 
0.0436 
0.0519 
0.0472 
0.0412 
0.0270 
0.0295 
0.0289 
0.0278 
0.0220 
0.0232 
0.0207 
0.0295 
0.0366 
0.0373 
0.0350 
0.0283 
0.0379 
0.0424 
0.0450 
0.0412 
0.0410 
0.0331 
0.0278 
0.0177 
0.0081 
-0.0021 
-0.0172 
-0.0224 
-0.0319 
-0.0280 
-0.0285 
-0.0363 
-0.0361 
0.0.300 
84 
, 
F i g u r e  2 7 .  C r o s s   c o r r e l a t i o n   c u r v e  of  channe l  2 (Barton-Coker) 
and  channel  3 (Bexar-Egypt)   with  channel  3 de layed .  
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F igure  28. C r o s s c o r r e l a t i o n   c u r v e  of  channel  2 (Barton-Coker) 
and  channel 4 (Maben-Egypt) wi th  channel  4 delayed ,  
-20 
-40 
Figure 29. Crossco r re l a t ion   cu rve  o f  channel 3 (Bexar-Egypt) 
and  channel 4 (Maben-Egypt) wi th  channel  4 delayed. 
shape or  envelope of the  cumes  looks  a lmost  a l ike ;  however ,  there  are 
some r i p p l e s  i n  t h e  e n v e l o p e s .  The peaks of the $I,, (T) appear mostly 
a t  p o s i t i v e  T (around 2 minutes) , b u t  t h a t  o f  t h e  $ 1 3 4 ( ~ )  appears mostly 
a t  nega t ive  T .  T h i s  i n d i c a t e s  t h a t  t h e r e  i s  some cor re la t ion  be tween 
fad ing  over  these  pa th& , but  that  fading occurs  a long one path a t  a 
l a t e r  time than along the other .  
This  type information i s  i n t e r e s t i n g  t o  communications system 
designers .  The currently  accepted  theory  of  microwave  propagation  over 
o p t i c a l  p a t h s  is  t h a t  t h e  v a r i a t i o n s  i n  s i g n a l  s t r e n g t h  are only due to  
changes in  loca l  meteoro logica l  condi t ions  a long  the  propagat ion  pa th .  
I f  t h e r e  is any major degree of co r re l a t ion  be tween  the  f luc tua t ions  o f  
t h e  s i g n a l s  d u e  t o  f a d i n g  a c t i v i t y ,  as i n d i c a t e d  by the  p re sen t  s tudy ,  
the  genera l ly  he ld  theory  should  be  recons idered .  The performance  of 
t h e  c r o s s c o r r e l a t i o n  i s  based on a s t a t i s t i ca l  b a s i s .  I f  t h e r e  is  an 
a t t e m p t  t o  make a d e f i n i t e  and e f f ec t ive  conc lus ion  on t h e  assumed theory,  
more sets of  da ta  m u s t  be  processed .  This  s tudy  jus t  represents  the  
f i r s t   s t e p  of t h e  e x t e n s i v e  i n v e s t i g a t i o n  i n  t h i s  area and gives some 
in t roduct ion  and  informat ion  about  per forming  the  c rosscor re la t ion  func-  
tions  between two  random cont inuous   s igna ls  by the  analog  computer. A 
f u r t h e r  s t u d y  i s  recommended so  t h a t  more valuable  information may b e  
obtained . 
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PART  I11 
HIGH ELEVATION ANGLE STUDY 
CHAPTER X I 1  
RESULTS AND DISCUSSION 
In view of the increasing usage and importance of communicating 
a t  microwave  f requencies  be tween s ta t ions  loca ted  on  ear th ,  and  those  
l o c a t e d  i n  sa te l l i tes ,  as w e l l  as manned s p a c e  v e h i c l e s ,  i t  is of 
the utmost  importance to  determine what  fade margins  w i l l  be  r equ i r ed  
i n  o r d e r  t o  o b t a i n  a g i v e n  p r o p a g a t i o n  r e l i a b i l i t y  o v e r  t h e s e  p a t h s .  
The microwave paths w i l l  normal ly  be  opera t ing  a t  e l eva t ion  ang le s  
ranging from 0" t o  9 0 " .  
The e l e v a t i o n  a n g l e  o f  a microwave path a t  a r e c e i v i n g  o r  t r a n s -  
m i t t i n g  s t a t i o n  i s  de f ined  as the angle  between the path and an 
imag ina ry  ho r i zon ta l  p l ane ,  t angen t  t o  the  ea r th  a t  t h e  s t a t i o n  u n d e r  
cons ide ra t ion .  
;___-.o Elevat. ion  angle 
F igu re  30. Eleva t ion   angle   o f  a microwave  path. 
89 
I n  t h e  case of an earth-to-space path,  this would have meaning 
o n l y  i n  t h e  case o f  t h e  e a r t h  s t a t i o n ,  i n  w h i c h  case t h e  minimum 
useable  e levat ion angle  would be zero degrees .  There would be excep- 
t i o n s   t o   t h i s  , obviously,  i f   t h e   . s t a t i o n  were surrounded by higher 
terrain,  mountains  for  example,  in  which case the minimum useable  
e leva t ion  angle  would  be  grea te r  than  zero  degrees  by  whatever  amount 
i t  took   t o  clear the   sur rounding   obs t ruc t ions .   Another   poss ib le  
exception would be encountered i f  t h e  e a r t h  s t a t i o n  were considerably 
above the  su r round ing  t e r r a in ,  i n  wh ich  case the  e leva t ion  angle  might  
poss ib ly  l i e  somewhat below t h e  f i c t i t i o u s  p l a n e  t a n g e n t  t o  t h e  e a r t h ' s  
s u r f a c e  a t  t h e  s t a t i o n ' s  l o c a t i o n .  I n  t h i s  case, t h e   e l e v a t i o n   a n g l e  
is  s a i d  t o  be  negative.   For most l o c a t i o n s  on ear th ,  however ,  the  
minimum useab le  e l eva t ion  ang le  w i l l  b e  f o r  a l l  p r a c t i c a l  p u r p o s e s ,  
zero degrees.  
Close examinat ion of  the elevat ion angles  used for  l ine-of-s ight  
microwave paths between two s t a t i o n s  on e a r t h  w i l l  show t h a t  f o r  a l l  
prac t ica l  pGrposes ,  most paths can be assumed t o  b e  o p e r a t i n g  a t  zero 
angle .   Whi le   the   ac tua l   e leva t ion   angles   encountered   in   ex is t ing   po in t -  
to-point systems on e a r t h  may b e  e i t h e r  p o s i t i v e  o r  n e g a t i v e ,  t h e y  are 
usual ly  s o  small i n  magnitude that they may be  cons idered  to  be  zero .  
E x c e p t i o n s  t o  t h i s  l a t t e r  s t a t e m e n t  do e x i s t ,  h o w e v e r ,  i n  t h e  rare case 
of a shor t  pa th  connec t ing  two s t a t i o n s  which have a very marked d i f f e r -  
ence Zn e leva t ions .  A.pa th  nee t ing  these  condi t ions  was se lec ted  and  
instrumented as a por t ion  of  th i s  research .  The pa th  s tud ied  w a s  a 3 . 5  
mile long path between a s t a t i o n  a t o p  a mountain near Siloam, Kentucky, 
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and a s t a t i o n  l o c a t e d  i n  t h e  Ohio River Valley near Wheelersburg, Ohio. 
This path i s  designated as the Siloam to Wheelersburg path,  with the 
r ece ive r  be ing  loca ted  a t  the Wheelersburg s ta t ion.  The e leva t ion  
angle  a t  Wheelersburg w a s  approximately 1.5"  ( the elevat ion angle  a t  
Siloam was approximately -1.5"). 
This "high elevat ion angle"  path was chosen to examine what 
e f f ec t  hav ing  an  e l eva t ion  ang le  g rea t e r  t han  ze ro  would have on t h e  
propagat ion  over   the  path.   During  the  l i terature   search  conducted a t  
the  beg inn ing  o f  t h i s  r e sea rch ,  s eve ra l  s t a t emen t s  (which were i n  
r e a l i t y  p o s t u l a t e s )  w e r e  encountered  say ing  tha t  pa ths  wi th  e leva t ion  
ang le s  g rea t e r  t han  1" w i l l  not  experience fading due to  t ropospheric  
changes. 
Experience obtained by bo th  the  Communications Sa te l l i t e  
Corporation* and B e l l  Telephone Laborator ies** indicate  that  l i t t l e  
i f  any fading i s  obtained on microwave pa ths  having  e leva t ion  angles  
of 20" or   g rea te r .   Resul t s   ob ta ined  on zero   degree   e leva t ion   angle  
pa ths  be tween s ta t ions  on e a r t h  i n d i c a t e  c o n s i d e r a b l e  f a d i n g  a c t i v i t y  
which must be taken into account and al lowed for  by hav ing  su f f i c i en t  
f ade  marg in  to  ob ta in  the  r equ i r ed  p ropaga t ion  r e l i ab i l i t y ,  i f  a useable 
microwave communications system is  t o  b e  had (e.g. , see P a r t  I of t h i s  
r e p o r t ) .   S i n c e   t h e   f a d i n g   a c t i v i t y ,  and  consequently  the  propagation 
r e l i a b i l i t y ,  of a path changes markedly between zero degrees elevation 
angle, and 2 0 ° ,  it  should be apparent that for communication between 
*Telephone Conversation with M r .  Sidney Metzger, Communications 
**Telephone Conversation with D r .  P. T. Hutchison, Bel l  Telephone 
Sa te l l i t e   Corpora t ion ,   Washington ,  D. C. 
Laboratories,  Holmdel, N.  J. 
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an e a r t h  a n d  a s p a c e  s t a t i o n ,  t h e  p r o p a g a t i o n  r e l i a b i l i t y  of a g i v e n  
l e n g t h  p a t h  i n  a n y  p a r t i c u l a r  l o c a t i o n  w i l l  be a f u n c t i o n  o f  t h e  
e l e v a t i o n  a n g l e  o f  t h e  p a t h ,  w i t h  t h e  p r o p a g a t i o n  r e l i a b i l i t y  o b t a i n e d  
from a g iven  f ade  marg in  dec reas ing  as t h e  e l e v a t i o n  a n g l e  d e c r e a s e s .  
I f  t h e  s t a t e m e n t s  e n c o u n t e r e d  i n  t h e  l i t e r a t u r e  s e a r c h  were c o r r e c t ,  
and  fad ing  was no t  ob ta ined .  a t  e l e v a t i o n  a n g l e s  a b o v e  1" , t h e n  t h e  
problem of  determining how p r o p a g a t i o n  r e l i a b i l i t y  v a r i e d  w i t h  eleva- 
t i on  ang le  wou ld  be  one  o f  academic  in t e re s t  on ly ,  hav ing  l i t t l e  i f  
any  p rac t i ca l  va lue .  Th i s  wou ld  be  t rue  s ince  mos t  po in t - to -po in t  
p a t h s  o n  e a r t h  h a v e  e l e v a t i o n  a n g l e s  w h i c h  are f o r  a l l  p r a c t i c a l  
p u r p o s e s ,   e q u a l   t o   z e r o   d e g r e e s .   F u r t h e r m o r e ,   t h e   e l e v a t i o n   a n g l e s  
o f  p a t h s  b e t w e e n  e a r t h  s t a t i o n s  a n d  s p a c e  s t a t i o n s  are normal ly  
l i m i t e d  t o  a minimum va lue  o f  approx ima te ly  4" o r  s o ,  d u e  t o  t h e  i n -  
crease i n  t h e  r e c e i v i n g  s y s t e m  t e m p e r a t u r e  a t  l o w e r  e l e v a t i o n  a n g l e s  
c a u s e d  b y  n o i s e  r a d i a t i o n  f r o m  t h e  e a r t h  ( w h i c h  h a s  a h igh  t empera tu re  
compared   w i th   t ha t   o f   t he  sky )  be ing   p icked  up by t h e  a n t e n n a .  Conse- 
q u e n t l y ,  i f  f a d i n g  a c t i v i t y  c e a s e d  a t  e l e v a t i o n  a n g l e s  g r e a t e r  t h a n  lo, 
t h e r e  w o u l d  b e  n o  n e e d  t o  c o n c e r n  o n e ' s  s e l f  w i t h  p r o p a g a t i o n  relia- 
b i l i t y  o n  p a t h s  b e t w e e n  e a r t h  a n d  s p a c e  s t a t i o n s  s i n c e  n o  f a d i n g  
would  be  obta ined  on  any  opera t iona l  l inks  which  might  be  used .  Wi th  
t h i s  i n  mind, a pa th  hav ing  as l a r g e  a n  e l e v a t i o n  a n g l e  as p o s s i b l e ,  
was s o u g h t  f o r  on Texas  Eas te rn  Transmiss ion  Corpora t ion ' s  2GHz 
microwave  system. The Si loam  to   Wheelersburg   pa th   which  was s e l e c t e d  
had a 1.5" e l e v a t i o n  a n g l e ,  w h i c h  was one and a h a l f  times t h e  1" 
value  above  which i t  had   been   pos tu la ted   tha t   fad ing   would  cease. I t  
shou ld  be  no ted  wi th  care, however ,  t ha t  wh i l e  t h i s  pa th  had  an  eleva- 
t i o n  a n g l e  a p p r o a c h i n g  t h e  minimum values  which may be  used  on  ea r th  
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to  space  microwave  l inks ,  tha t  due  to  i t s  extremely short  length 
(only 3.5 miles)  the depths  of  fading encountered on th i s  pa th  shou ld  
be appreciably less than  tha t  which  would  be  incur red  on  an  ear th  to  
space path having the same e leva t ion  angle .  The l a t te r  type  pa th ,  
due t o  i ts  much longer  length  in  the  ear th ' s  a tmosphere ,  would most 
probably require  a much h igher  fade  margin  to  obta in  the  same propa- 
g a t i o n  r e l i a b i l i t y  as t h a t  o b t a i n a b l e  on t h e  3.5 m i l e  long Siloam to 
Wheelersburg path for any given fade margin.  
Examination of Figure 31 , r evea l s  t ha t  a 6 dB fade margin i s  
r equ i r ed  to  ob ta in  a p ropaga t ion  r e l i ab i l i t y  o f  90% (which would mean 
tha t  10% of t h e  t i m e ,  the   system would be  unuseable).  While fades  as  
deep as 1 5  db were obtained during the 10 month period of time t h e  
propagat ion  over  th fs  pa th  w a s  s t u d i e d ,  a 9 db fade margin would be 
s u f f i c i e n t  t o  g i v e  a propagat ion  re l iab i l i ty  of  99 .99%.  Once again 
though, i t  should  be  poin ted  out  tha t  examinat ion  of  the  resu l t s  ob ta ined  
i n  t h e  o t h e r  n i n e  microwave  pa ths  s tud ied  in  th i s  research  revea led  tha t  
the  longer  the  length  of the  pa th  ( in  the  ear th ' s  a tmosphere ,  of course) 
the larger  the fade margin must  b e  t o  o b t a i n  a given value of propa- 
ga t ion   r e l i ab i l i t y .   Consequen t ly ,  a 1.5'elevation  angle  path  between 
an e a r t h  s t a t i o n  l o c a t e d  a t  Wheelersburg, Ohio, and a s p a c e  s t a t i o n  
above, would require a fade margin considerably greater  than 9 db i n  
o rde r  t o  ob ta in  the  99 .99% propaga t ion  r e l i ab i l i t y  tha t  9 db of fade 
margin gave on the 3.5 mile long 1.5"  e levat ion angle  Si loam to 
Wheelersburg path. 
In  conclus ion ,  i t  should  be  poin ted  out  tha t  the  resu l t s  ob ta ined  
ove r  t h i s  pa th  r evea l  t ha t  f ad ing  is s t i l l  p r e s e n t  a t  a n  e l e v a t i o n  
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FIGURE 31. STATISTICAL  DISTRIBUTION FOR  HIGH ANGLE PATH 
100 
angle of 1.5" and would d e f i n i t e l y  h a v e  t o  b e  c o n s i d e r e d  i n  t h e  d e s i g n  
of any .reliable communications system having an elevation angle of 
t h i s  o r d e r  o f  magnitude.  Consequently,  no  assurance  whatsoever  has 
been obtained as t o  what fade margins should be allowed to obtain a 
g i v e n  p r o p a g a t i o n  r e l i a b i l i t y  f o r  e a r t h  t o  s p a c e  p a t h s  o p e r a t i n g  w i t h  
elevat ion  angles   lying  between  1 .5"   and 20'. Hopefully,   fading w i l l  
cease f o r  e l e v a t i o n  a n g l e s  two o r  t h r e e  times g r e a t e r  t h a n  t h a t  of t h e  
Siloam t o  Wheelersburg path,  but  s ince systems cannot  be designed on 
hope, research should be accomplished to determine exactly how propaga- 
t i o n  r e l i a b i l i t y  v a r i e s  as a func t ion  of  e leva t ion  angle  s o  t h a t  
r e l i a b l e  communication systems can be designed for use a t  e l e v a t i o n  
angles of less than 20". 
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APPENDIX I 
COMPUTER  PROGRAMS 
S l i d e  r u l e  a c c u r a c y  i s  n o t  s u f f i c i e n t  when u s i n g  t h e  e q u a t i o n s  
of  Chapter I11 t o  c a l c u l a t e  f a d e  m a r g i n .  F o r  t h i s  r e a s o n  a program 
was w r i t t e n  t o  compute  the  f ade  marg in  on  the  I B M  1 6 2 0  d i g i t a l  
computer .   Figure 32 shows th i s   p rog ram.  
To meet F o r g o  p r o g r a m  r e s t r i c t i o n s  r e n a m i n g  t h e  v a r i a b l e s  
w a s  n e c e s s a r y  as fo l lows :  
L a t i t u d e  = VAT 
Longitude = VON 
Path  Length = PL 
Fade  Margin = m  
P r o p a g a t i o n   R e l i a b i l i t y  = PR 
Ll = VONPO 
L2  = VONPl 
KO = mo 
K1 = vK1 
G = VKOP 
H = VKlP 
L~ = G (Long>2 + B (Long) + A 
L~ = R (Long)2 + H (Long) + G 
G = F (PL)2 + E (PL) + D 
H = U (PL>2 + 'I (PL) + S 
C  C INGELS FADE W I N  
READ, A,B,C,D,E,F,G,H,R,S,T,U 
8 READ,VAT,VON,PL 
WP=F*(PL**2)+E*(PL)+D 
VDNPO=C*(VDN**2)+B*(WN)+A 
VONPO=VDNPO/57.2958 
VAT=VAT/5 7.29 5 8 
VKO=VKOP*CDSF(VAT) *TO 
VKlP=U*(PL**2)+T*(PL)+S 
VONPl=R*(VON**2).+H*(VON)+G 
VONPkVONP1/57.2958 
VKl=VK1P*Co SF (VAT) *TI 
PR=O . 01 
PUNCH, PR,FM,VKO,VKl, 
TO=SINF(VONFO)/C~SF(VDNPO) 
T~=SINF(WNP~)/COSF*WNP~) 
5 FM=VK0+0.43429*VK1*~GF(l.+PR*1000.) 
IF (PR-0 .01) 4 , 3 , 4  
3 PR=0.05 
G o m 5  
4 IF(PR-0.05) 7,6,7 
6 PR=O.l 
GO TD 5 
7 G o T D 8  
END 
FIGURE 32. PROGRAM FOR CALCULATION 
OF  FADE  MARGIN 
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The Forgo format  is  a f loa t ing  po in t  t ype  wh ich  means  that t h e  
i n p u t  d a t a  may be  typed  on  a s i n g l e  c a r d  w i t h  a minimum of f ive s p a c e s  
b e t w e e n  v a r i a b l e s .  
F o r  t h i s  r e s e a r c h  t h e  v a l u e s  of A ,  B ,  C y  D ,  E , F , G , H , R,  S , T,  
and U were de termined  f rom the  least  squares  program, see F i g u r e  33, 
and are: 
A = -1147.4 B = 26.205 c = -  .14396 
D = 32.097 E = -  4.3311 F = .051425 
G = -  847.76 H = 19.411 R = - ,10551 
s = -  6.6078 T =  .96409 u = -  .011791 
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C C INGELS  EAST-SQUARES 
DIMENSION  A(20,20)  ,X(30)  ,U(300) ,V(300),S(300),SK(300) 
J=N+ 1 
DO 10 I=l,K 
111 READ, M, (U(1)  ,V(I)  ,I=l,M)  ,N 
S(I)=O. 
10 SK( I) =O . 
DO 12 I=l,K 
DO 12 NN=l,M 
IA=I=1 
12 s(I)=s(I)+u(NN)**IA 
DO 13 I-1,J 
DO 13 NN=l,M 
IB=I-1 
13 SK(I)=SK(I)+V~NN)*U(NN)**IB 
DO 1 NN-1,J 
JA=NN - 1 
DI 1 I-1,J 
1 A(I,NN)=S(I+JA) 
DO 17 I-1,J 
17 A(I, J+I) =SK(I) 
N=N+ 1 
M=N+ 1 
15 D=l. 
-1. 
K= 1 
KN=K+ 1 
100 IF(A(K,K) ) 6,2,6 
2 DO 3 J=KN,N 
II=J 
IF(A(J,K))4,95,4 
IF(N-k)  98,98,100 
Go TD 999 
95 K=Kf1 
98 D=O. 
FIGURE 33. PFIQGRAM FOR  FITTING 
A CURVE  WITH A POLYNOMINAL 
99 
7 A(K, J) =A(K, J) /T 
5 A(M,I)=A(KKK,I)+A(II,I) 
DO 7 J=l,M 
6 T=A(K,K) 
KKK=K 
NN=K+ 1 
DO 8 IK=NN,N 
DO 8 J=l,M 
K=K+ 1 
200 OONTINUE 
4 DO 5 I=l,M 
XXX=A(IK,K) 
8 A(IK,J)=A(IK,J)-A(K,J)*XXX 
IF(N-K) 200,200,100 
D=D*A(N,N) 
16 x(N)=A(N,M)/A(N,N) 
LLL=N-l 
DO 14 I=l, LLL 
suMA=o. 
DO 14 J=l,I 
LL=N-l 
KK=N+ 1 J 
SUMA=SUMA+A( LL,KK) *X(=) 
14 X(LL)=(-SW+A(LL,M))/A(LL,LL) 
PUNCH, ( ~ ( 1 )  ,I=~,N) 
Go To 111 
END 
999 STOP 
FIGURE 33. (continued) 
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APPENDIX I1 
PATH PROFILES 
A comple te  pa th  prof i le  of  each pa th  has  been  p lo t ted  by  the  
Texas Eastern Transmission  Corporation. These p l o t s  are included 
here .  The p l o t s  are made on p r o f i l e  p a p e r  w i t h  t h e  e a r t h ' s  h o r i z o n  
drawn wi th  a r ad ius  o f  four - th i rds  normal  ear th  rad ius .  Thus t h e  
pa th  of a r ay  f rom t r ansmi t t e r  t o  receiver is drawn as a s t r a i g h t  l i n e  
on t h e s e  p l o t s  f o r  s tandard atmosphere condi t ions.  
On e a c h  p l o t  t h e  f i r s t  F r e s n e l  z o n e  c l e a r a n c e  l i n e  is i n d i c a t e d  
as  w e l l  as the  pa th  of  a ray under  s tandard atmosphere condi t ions.  
Each pa th  has  su f f i c i en t  c l ea rance  excep t  t he  Maben t o  Egypt path 
which has only a twenty-foot deficiency and then only a t  one point .  
T h i s  i n s u f f i c i e n t  c l e a r a n c e  d i d  n o t  p r o v e  t o  b e  a d i f f i c u l t y .  
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FIGURF: 35. PATH PROFILE JXlR PATH 2 
103 
LOO0 
900 
800 
700 ri 
a, 
P 
rt 
a, 
600 ; 
v) 
a, 
? 
0 
500 3 
+I a 
a, 
Fr 
400 
300 
200 
100 
0 
FIGURE 36, PATH PRDFILE FOR PATH 3 
104 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
Maben, Miss. to Egypt, Miss. 
FIGURE 37 .  PATH PROFILE FOR  PATH 4 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
,000 
900 
800 
700 
600 
500 
400 
300 
2 00 
100 
0 
105 

, A l a ' .  to C o k e r  , A l a  
-500 
-400 
-300 
- 200 
-100 
-600 
900 
800 
a00 
600 
500 
FIGURE 39 PATH PROFILE l33R PATH 6 
10 7 
/ Moreland, Ky- to 
FIGURE 40. PATH 
Elkin, Ky . 4\ 
PW3FILE FKIR PATH 7 
1900 
1800 
1700 
1600 
1500 
1400 
1300 
1200 
1100 
1000 
I 
j 900 
10 8 
T 
Miles 
/ Reynoldsville, Ky. to Elkin, 
FIGURE 41. PATH PROFILE FOR  PATH 8 
109 
- 
F I G ' U m  4 2 .  PATH PEOFILE FQl? PATH 9 
110 
APPENDIX I11 
DISCUSSION OF  EQUIPMENT  0PERATI.ON 
The AGC v o l t a g e  o f  t h e  receiver i s  recorded  on  a Moseley s t r i p  
c h a r t . r e c o r d e r  (Model 680).. A s  t h e  i n p u t  s i g n a l  varies t h e  AGC 
v o l t a g e  varies n o n l i n e a r l y ,  see F i g u r e  4 3 ,  c a u s i n g  t h e  p e n  o n  t h e  s t r i p  
c h a r t  t o  v a r y  i n  p o s i t i o n .  T h i s  v a r i a t i o n  i n  p o s i t i o n  o f  t h e  p e n  i s  
u s e d  t o  t u r n  l i g h t  s e n s o r  d i o d e s  ( T . I .  t y p e  H 38) on  and  o f f ,  t hus  
p rov id ing  an  e lectr ical  i n d i c a t i o n  when t h e  i n p u t  s i g n a l  d r o p s  b e l o w  
c e r t a i n  p r e s e t  levels. T h e s e  p r e s e t  l e v e l s  are i n  5 dB increments  
be low  the  maximum i n p u t  t o l e r a b l e  by t h e  r e c e i v e r .  The l a rge   change  
i n  r e s i s t a n c e  of t h e  l i g h t  s e n s o r  d i o d e s  i s  used t o  t u r n  a n  e l a p s e d  
t i m e  meter on o r  o f f  depend ing  upon  whe the r  t he  r ece ived  s igna l  i s  
above   or   be low  tha t  level.  A photograph   showing  the   d iode   un i t s  
mounted  on the  Mose ley  r eco rde r  i s  g i v e n  i n  F i g u r e  4 4 .  
C a l i b r a t i o n  o f  t h e  r e c o r d e r  i s  accomplished by connect ing a 
H e w l e t t  Packard UHF s i g n a l  g e n e r a t o r  (Model 616A) t o  t h e  i n p u t  of 
t h e  receiver a n d  a d j u s t i n g  t h e  r e c o r d e r  s e n s i t i v i t y  s o  t h a t  f u l l  
scale d e f l e c t i o n   c o r r e s p o n d s   t o  a p r e - s e l e c t e d   i n p u t   l e v e l .   T h i s  
i n p u t  level i s  s l i g h t l y  l o w e r  t h a n  t h e  max imum s i g n a l  t h e  receiver 
w i l l  t o l e r a t e  w i t h o u t  o s c i l l a t i n g  b u t  h i g h e r  t h a n  t h e  m e d i a n  r e c e i v e d  
s i g n a l  level. T h i s   l e v e l  is  determined by t h e  c h a r a c t e r i s t i c s  o f  t h e  
r e c e i v e r  a t  a g i v e n  s t a t i o n ,  b u t  is  usua l ly  approx ima te ly  -35 dBm. 
A f t e r  t h e  r e c o r d e r  is p r o p e r l y  a d j u s t e d  f o r  f u l l - s c a l e  d e f l e c t i o n  
w i t h  t h e  p r e - s e l e c t e d  i n p u t  level a p p l i e d ,  o n e  o f  t h e  l i g h t  s e n s o r  
d iodes  i s  t h e n  a d j u s t e d  so t h a t  a metal p l a t e  mounted on the Moseley 
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recorder pen w i l l  sh i e ld  the  d iode  f rom the  l i gh t  sou rce .  The diode 
is  set s o  t h a t  i t  i s  on the threshold of  being on or  off .  The i n p u t  
s i g n a l  is  now reduced 5 dB from the  pre-se lec ted  m a x i m u m  and the second 
diode is adjus ted  so t h a t  i t  is on the  threshold  of  be ing  on o r  o f f .  
In  t h i s  manner t h e  i n p u t  s i g n a l  is q u a n t i z e d  i n t o  t e n  5dB increments.  
With the  r eco rde r  pen i n  a p o s i t i o n  c o r r e s p o n d i n g  t o  f u l l - s c a l e  
de f l ec t ion ,  t an  e l apsed  time meters (GE type 236) o f  t h e  s i g n a l  d i s -  
t r i b u t i o n  a n a l y z e r . w i l 1  b e  a c t i v a t e d .  I f  t h e  i n p u t  s i g n a l  is lowered 
t o  a leve l  cor responding  to  the  la rges t  va lue  ins t rumented ,  the  number 
one photo diode w i l l  be energized and w i l l  cause elapsed time meter 
number one to  cease  ope ra t ion .  Lowering t h e  r e c e i v e r  i n p u t  s i g n a l  a n  
a d d i t i o n a l  5 dB w i l l  cause photo diode number  two to  be  energ ized  and  
w i l l  deac t iva t e  c lock  number  two. For  each addi t ional  5 dB decrease i n  
t h e  i n p u t  s i g n a l ,  a n  a d d i t i o n a l  c l o c k  w i l l  be  deact ivated.  A l o g i c  
c i rcu i t  p revents  the  photo  d iodes  cor responding  to  s igna l  levels below 
tha t  o f  t he  in s t an taneous  r ece ived  s igna l  level from operating and 
deac t iva t ing  the i r  r e spec t ive  c locks .  
A photograph of t h e  i n s t r u m e n t a t i o n  f o r  a t y p i c a l  s t a t i o n  is  shown 
i n  F i g u r e  45.  Note t h a t  t h e r e  are eleven clocks mounted OR t h e  s i g n a l  
d i s t r i b u t i o n  a n a l y z e r .  The ex t ra   c lock   runs   cont inuous ly   to   g ive   the  
t o t a l  e l a p s e d  time, corresponding t o  t h e  t o t a l  time of opera t ion .  One 
addi t iona l  func t ion  of  the  Moseley recorder  i s  t o  i n d i c a t e  on t h e  
s t r i p  c h a r t  r e c o r d  when the microwave l ink has  an equipment outage, 
such as power f a i lu re  a t  t he  t r ansmi t t e r .  Th i s  t ype  o f  ou tage  t i m e  
must be subtracted from t h e  t o t a l  e l a p s e d  t i m e  meter r ead ings  s ince  i t  
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i s  outage t i m e  a t t r i b u t a b l e  t o  equipment f a i l u r e  r a t h e r  t h a n  atmos- 
p h e r i c  effects. 
The elapsed time meters p l u s  a n  i d e n t i f i c a t i o n  d a t a  p l a t e  are 
shown mounted on t h e  f r o n t  p a n e l  o f  t h e  d i s t r i b u t i o n  a n a l y z e r  u n i t  
i n  F i g u r e  45. An automatic  camera (Olympus Pen Model EM, 35 mm - 
l/2 frame) with an a t tached  timer clock photographs the panel assembly 
every s ix  hours , s t a r t i n g   w i t h   m i d n i g h t .  
Each i n s t a l l a t i o n  w a s  rou t ine ly  se rv iced  eve ry  two weeks. The 
equipment w a s  checked and czl ibrated,  f i lm and chart  paper  replaced,  
etc. 
In  F igu re  46 is  shown a de ta i led  schemat ic  of t he  S igna l  Distri- 
bution  Analyzer.  If the  l i gh t  s enso r  d iode  i s  turned off by t h e  
l i g h t  b l o c k i n g  s h i e l d  of the  recorder  as  descr ibed  on page 111, t h e  
a m p l i f i e r  w i l l  t u r n  t h e  r e l a y  off thus al lowing the clock associated 
w i t h  t h e  r e l a y  t o  run. The r e l a y  l o g i c  i s  constructed s o  t h a t  no 
r e l a y  a s s o c i a t e d  w i t h  a l i g h t  s e n s o r  d i o d e  p o s i t i o n  a t  a h i g h e r  s i g n a l  
l eve l  t han  the  ac t iva t ed  d iode  may be turned on. 
T r a n s i s t o r  Q1 of t he  ampl i f i e r ,  F igu re  4 7 ,  i s  turned on  by 
e x p o s u r e  t o  l i g h t .  When Q 1  turns  on,  i t  t u r n s  42 off which  turns 43 
on  which  turns 44 on. When 94 t u r n s  on, i t  activates t h e  r e l a y  
turn ing  i t  on. 
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Figure 45. Photograph Showing the Instrumentation for a Typical 
Station. 
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